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In this report the SU(3)c®SU(3)l®U(1)x gauge model with minimal scalar sector, 
two Higgs triplets, is presented in detail. One of the vacuum expectation values u 
is a source of lepton-number violations and a reason for mixing among charged 
gauge bosons — the standard model and the bilepton gauge bosons as well 
as among the neutral non-Hermitian bilepton and neutral gauge bosons — the 
Z and the new Z' . An exact diagonalization of the neutral gauge boson sector is 
derived and bilepton mass splitting is also given. Because of these mixings, the 
lepton-number violating interactions exist in both charged and neutral gauge boson 
sectors. Constraints on vacuum expectation values of the model are estimated and 
u ~ 0(1) GeV, w ~ Wweak = 246 GeV, and uj ~ 0(1) TeV. In this model there are 
three physical scalars, two neutral and one charged, and eight Goldstone bosons — 
the needed number for massive gauge bosons. The minimal scalar sector can provide 
all fermions including quarks and neutrinos consistent masses in which some of them 
require one-loop radiative corrections. 
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1 Introduction 



In spite of all tlie successes of tlie standard model it is unlikely to be the final 
theory. It leaves many striking features of the physics of our world unexplained. 
In the following we list some of them which leads to the model's extensions. 
In particular the models with SU(3)c ® SU(3)l U(l)x (3-3-1) gauge group 
are presented. 

1.1 Generation Problem and 3-3-1 Models 

In the standard model the fundamental fermions come in generations. In writ- 
ing down the theory one may start by first introducing just one generation, 
then one may repeat the same procedure by introducing copies of the first 
generation. Why do quarks and leptons come in repetitive structures (genera- 
tions)? How many generations are there? How to understand the inter-relation 
between generations? These are the central issues of the weak interaction 
physics known as the generation problem or the flavor question. Nowhere in 
physics this question is replied [1]. One of the most important experimental 
results in the past few years has been the determination of the number of 
these generations within the framework of the standard model. In the min- 
imal electroweak model the number of generations is given by the number 
of the neutrino species which are all massless, by definition. The number of 
generations is then computed from the invisible width of the 

Tinv = — (r^ + ^ r^), 

I 

where F^o denotes the total width, the subscript h refers to hadrons and 
Ti (/ = e, /X, r) is the width of the decay into an // pair. If is the 
theoretical width for just one massless neutrino, the number of generations 
is N^en = Ny = V\^^/Vy and recent results give a value very close to three 
Ai'gen = 2.99 ±0.03 but we do not understand why the number of standard 
model generations is three. 

The answer to the generation problem may require a radical change in our 
approaches. It could be that the underlying objects are strings and all the low 
energy phenomena will be determined by physics at the Planck scale. Grand 
Unified Theories (GUTs) have had a major impact on both cosmology and 
astrophysics; for cosmology they led to the inflationary scenario, while for as- 
trophysics supernova, neutrinos were first observed in proton-decay detectors. 
It remains for GUTs to have impact directly on particle physics itself [1] . GUTs 
cannot explain the presence of fermion generations. On the other side, super- 
symmetry (SUSY) for the time being is an answer in search of question to be 
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replied. It does not explain the existence of any known particle or symmetry. 
Some traditional approaches to the problem such as GUTs, monopoles and 
higher dimensions introduce quite speculative pieces of new physics at high 
and experimentally inaccessible energies. Some years ago there were hopes 
that the number of generations could be computed from first principles such 
as geometry of compactified manifolds but these hopes did not materialize. 

A very interesting alternative to explain the origin of generations comes from 
the cancelation of chiral anomalies of a gauge theory in all orders of per- 
turbative expansion, which derives from the renormalizability condition. This 
constrains the fermion representation content. Three perturbative anomalies 
have been identified [S] for chiral gauge theories in four dimensional space- 
time: (i) The triangle chiral gauge anomaly [6j must be cancelled to avoid 
violations of gauge invariance and the renormalizability of the theory; (ii) The 
global non-perturbative SU(2) chiral gauge anomaly, [7] which must be absent 
in order for the fermion integral to be defined in a gauge invariant way; (iii) 
The mixed perturbative chiral gauge gravitational anomaly which must 
be cancelled in order to ensure general covariance. The general anomaly-free 
condition is 

^^jk ^ ^ ^ Tr [{r2, Ti}Tl - [T],, Tj,}T'^] = 0, (1) 

representations 

where T* is the representation of the gauge algebra on the set of all left- 
handed fermion and anti-fermion fields put in a single column ip, and "Tr" 
denotes a sum over these fermion and anti-fermion species; T£ ^ are the cou- 
pling matrices of fermions ipL,R to the current = ipL'y^TlipL + '4'Rl^iT}iipR, 
respectively. The i index runs over the dimension of a simple SU(?t,) group, 
i = 1, 2, — 1, with a rank n — 1, and i = for the Abelian factor. 

First let us consider the relationship between anomaly cancelation and flavor 
problem in the standard model. The individual generations have the following 
structure under the SU(3)c ® SU(2)l ® U(l)y (3-2-1) gauge group, 

(1,2,-1), U~ (1,1,-2), 

{UaL, daL) ~ (3, 2, 1/3), UaR ~ (3, 1, 4/3), d^R ~ (3, 1, -2/3). (2) 

The values in the parentheses denote quantum numbers based on the (SU(3)c, 
SU(2)i, U(l)y) symmetry, where the subscripts C, L and F, respectively, indi- 
cate to the color, left-handed, and hypercharge. The electric charge operator 
is defined as Q = + where T* = {i = 1,2,3) with a* are Pauli 
matrices. The weak isospin group S'U{2)l is a safe group due to the fact that 

Ti[{a\ a^}a''] = 26'^TT[a''] = 0. (3) 

However, in the case where at least one of the generators is hypercharge we 
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have: 

TT[a'YY] oc Ti[a'] = 0, Tr[{a\ a^}Y] = 2S'^ Tr[F]. (4) 

The anomaly contribution in the last condition is proportional to the sum 
of all fermionic discrete hypercharge values on the color, flavor, and weak- 
hypercharge degrees of freedom 

lepton quark 

The Tr[y] vanishes for the fermion content in the a*''-generation because 
E i^L + Yn) ^Y{u,l) + Y%l) + = -4, 

lepton 

E i^L + Yr) = 3[y + Y{daL) + Y{u,r) + Y{d,R)] = +4, 
quark 

where the 3 factor takes into account the number of quark colors. In the last 
case all the generators are hypercharge: 

Tr[y=^]ocTV[g2r3-Q7f], (5) 

where we used the fact that the electromagnetic vector neutral current vertices 
do not have anomahes. For the a*'*-generation, we have 

E iQ"T, - QTl) = [(0)^(1/2) - (0)(l/2)2] 

lepton 

+ [(-lf(-l/2)-(-l)(-l/2)^] = -l, (6) 



E iQ'T, - QTl) = 3[(2/3)^(l/2) - (2/3)(l/2)2] 

quark 

+3[(-l/3)2(-l/2) - (-l/3)(-l/2)2] = +\. (7) 

It yields that the anomaly in standard model cancels within each individual 
generation, but not by generations. Flavor question and anomaly-free condi- 
tions do not seem to have any connection in the standard model. This leads us 
to questions when going beyond this model: Are the anomalies always canceled 
automatically within each generation of quarks or leptons? Do the anomaly 
cancelation conditions have any connection with flavor puzzle? 

We wish to show that some very fundamental aspects of the standard model, 
in particular the flavor problem, might be understood by embedding the three- 
generation version in a Yang-Mills theory with the SU(3)p ® SU(3)^ ® U(l)j^ 
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semisimple gauge group with a corresponding enlargement of the lepton and 
quark representations p^lllll2j . In particular, the number of generations will 
be related by anomaly cancelation to the number of quark colors, and one 
generation of quarks will be treated differently from the two others; in the 3-2- 
1 low-energy limit all three generations appear similarly and cancel anomalies 
separately. Let us consider the following 3-3-1 fermion representation content 



aL 



Q 



IL ■ 



UaR- 



( \ 



\^aR J 

( \ 

UlL 

dlL 



3,1,- 



1,3, — 
' ' 3 



l-aR 



3,3, 



Q 



da 



R 



aL 



3,1,-3 



:i,i, 



1,2,3, 



(3,3*,0), a = 2, 3, (8) 



Ur 



L 

2 

3,1,3 



D. 



aR 



3.1.-3 



The quantum numbers in the parentheses are based on the (SU(3)c, SU(3)l, 
U(l)x) symmetry. The right-handed neutrinos Ufj and the exotic quarks U and 
Da are composed along with that of the standard model. We call 3-3-1 model 
with right-handed neutrinos. The electric charge operator in this case takes a 
form Q = T^ - -1=T^ + X with T' = ^X' {i = 1,2,..., 8) and X standing for 
SU(3)l and U(l)x charges, respectively. Electric charges of the exotic quarks 
are the same as of the usual quarks, i.e., qu = ^ and qo^ = — |- 



The SU(3)l group is not safe in the sense of the standard model SU(2)l with 
the vanishing Tr[{(j*, cr-'}, o"'^] = 0. The SU(3)l generators proportional to the 
Gell-Mann matrices close among them the Lie algebra structure. 
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(9) 



where the structure constant Z*-'^ is totally antisymmetric and d'^^^ is totally 
symmetric under exchange of the indices. We can normalize the A-matrices 
such that Tr[A*A-'] = 25*-' . Therefore, p^'' and d^^'' are calculated by 



fijk = -Tr [[A\A^']A^ 



It. 

4 



{X\ A^}A^ 



The anomaly is proportional to d''^'^ in general, and of course such coefficients 
vanish in the case of the S\J{2)l generators. 



In the 3-3-1 model there are six triangle anomalies which are potentially trou- 
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blesome; in a self-explanatory notation these are (3c)^, (3c)^X, (3^)^, (3l)^X, 
X^, and (graviton)^X. The quantum chromodynamics anomaly {3cY is ab- 
sent because the theory mentioned is vectorlike (i.e., Tl = U~^T^U with 
some unitary matrix U), and hence the conditions A^^'^ = are automat- 
ically satisfied. For any D fermion representation, it satisfies the condition 
A{D) = —A{D*) where A{D*) is the anomaly of the conjugate representation 
of D [13j. The pure SU(3)l anomaly (3l)^ therefore vanishes because there is 
an equal number of triplets 3^ and antitriplets 3^ in the given fermion content. 
The remaining anomaly-free conditions are explicitly written as follows 

(1) Tr[SU(3)cP[U(l)x]=0: 

3 E E E = 0, 

generation generation singlet 

(2) Tr[SU(3)L]2[U(l)x] = 0: 

generation generation 

(3) Tr[U(l)x]=' = : 

3 Y (xh' + Q E (x^) 

generation generation 

- E E(^z^)' = o, 

generation singlet 

(4) Tr[graviton]2[U(l)x] = 

3 E + 9 Y 

generation generation 

-EE ^.^ = 0, 

generation singlet 

where X/", X^ and X/^, indicate to the U(l)x charges of the left-handed 
lepton, quark triplets or antitriplets and the right-handed lepton, quark sin- 
glets, respectively. It is worth noting that some 3 factors in the conditions ([2]), 
([3]) and (jlj) take into account the number of quark colors. With the fermion 
content as given, it is easily checked that all the above anomaly-free condi- 
tions are satisfied. For example, let us take the condition ([2]). We first cal- 
culate the 3|X anomaly for the first generation: —1/3-1-3 x (1/3) = 2/3. 
The anomaly of the second or the third generation is —1/3-1-3 x = —1/3. 
It is especially interesting that this anomaly cancelation takes place between 
generations, unlike those of the standard model. Each individual generation 
possesses non-vanishing (3^^)'^, (3i)^X, X^, and (gravion)^X anomalies. Only 
with a matching of the number of generations with the number of quark colors 
does the overall anomaly vanish. 



-3 E EW 

generation singlet 



-3 E E xl 

generation singlet 
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Next let us introduce an alternative fermion content where the three known 
left-handed lepton components for each generation are associated to three 
SU(3)l triplets such that {i^aLjaiJaR)^ ~ (1;3,0) (called minimal 3-3-1 
model). Canceling the pure SU(3)2, anomaly requires that there are the same 
number of triplets and antitriplets, thus Qil = {uiL,diL, Jl)^ ~ (3,3,2/3), 
QaL = {daL, —UaL, Jai)^ ~ (3,3*,— 1/3). The respectivc right-handed fields 
are singlets: UaR ~ (3, 1, 2/3) and daR ~ (3, 1, —1/3) for the ordinary quarks; 
Jr ~ (3, 1, 5/3) and JaR ~ (3, 1, —4/3) for the exotic quarks. Similarly to the 
previous 3-3-1 model, the (3^,)^, {Sl^X, anomahes vanish only if three 
generations of quarks and leptons take into account. 

In a general case, we can verify that the number of generations must be mul- 
tiple of the quark-color number in order to cancel the anomalies. On the other 
hand, if we suppose that the exotic quarks also contribute to the running 
of the couphng constants, the asymptotic-freedom principle requires that the 
number of quark generations is no more than five. It follows that the number 
of generations is just three. This provides a first step towards answering the 
flavor question. The asymmetric treatment of one generation of quarks breaks 
generation universality. This might provide an explanation of why the top 
quark is uncharacteristically heavy [T^fT^ . An interesting alternative feature 
is that the electric charge quantization in nature might also be explained in 
this framework [16]. Just enlarging S'[J{2)l to SU(3)i, we have thus presented 
the simplest gauge extension of the standard model for the flavor question. 
The new models get five additional gauge bosons contained in a gauge adjoint 
octet: 8 = 3 + (2 + 2) + 1 under 811(2)^. The 1 is a neutral Z' and the two 
doublets are readily identifiable from the leptonic contents as non-Hermitian 
bilepton gauge bosons {X, Y)^ and {X*, Y*). From the renormalization group 
analysis of the coupling constants [17j, the SU(3)l breaking scale is estimated 
to be lower than some TeV in the minimal 3-3-1 model. This is due to the 
fact that the squared sine of the Weinberg angle 9w gets an upper bound, 
sin^ 9]^ < 1/4. There is no "grand desert" in this model in comparison to 
GUTs. In contrast, the energy scale in the 3-3-1 model with right-handed neu- 
trinos is very high, even larger than the Planck scale, because of sin^ 9w < 3/4. 
This version might allow the existence of a "desert" . Anyway, the new physics 
in these models expected arise at not too high energies. The new particles such 
as the bilepton gauge bosons, Z' and exotic quarks would be determinable in 
the next generation of collides. 



1.2 Proposal of Minimal Higgs Sector 

As mentioned above, there are two main versions of 3-3-1 models — the minimal 
model and the model with right-handed neutrinos, which have been subjects 
studied extensively over the last decade. In the minimal 3-3-1 model [TU], the 
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scalar sector is quite complicated and contains three scalar triplets and one 
scalar sextet. In the 3-3-1 model with right-handed neutrinos pJlTS] . the scalar 
sector requires three Higgs triplets. It is interesting to note that two Higgs 
triplets of this model have the same U(l)x charges with two neutral compo- 
nents at their top and bottom. Allowing these neutral components vacuum 
expectation values (VEVs) we can reduce number of Higgs triplets to be two. 
Note that the mentioned model contains very important advantage, namely, 
there is no new parameter, but it contains very simple Higgs sector, therefore 
the significant number of free parameters is reduced. To mark the minimal 
content of the Higgs sector, this version that includes right-handed neutrinos 
is going to be called the economical 3-3-1 model |19f20f21ll22f23f24ll25] . The 
interested reader can find the suppersymmetric version in Ref. |26j . 

This kind of model was proposed in Ref. [TS], but has not got enough atten- 
tion. In Ref. [20] , phenomenology of this model was presented without mixing 
between charged gauge bosons as well as neutral ones. The mass spectrum of 
the mentioned scalar sector has also been presented in [19], and some cou- 
plings of the two neutral scalar fields with the charged W and the neutral Z 
gauge bosons in the standard model were presented. From explicit expression 
for the ZZH vertex, the authors concluded that two VEVs responsible for the 
second step of spontaneous symmetry breaking have to be in the same range: 
■u ~ ti, or the theory needs an additional scalar triplet. As we will show in the 
following, this conclusion is incorrect. 

It is well known that the electroweak symmetry breaking in the standard model 
is achieved via the Higgs mechanism. In the Weinberg-Salam model there is a 
single complex scalar doublet, where the Higgs boson H is the physical neutral 
Higgs scalar which is the only remaining part of this doublet after spontaneous 
symmetry breaking. In the extended models there are additional charged and 
neutral scalar Higgs particles. The prospects for Higgs coupling measurements 
at the CERN Large Hadron Collider (LHC) have recently been analyzed in 
detail in Ref. [27] . The experimental detection of the H will be great triumph 
of the standard model of electroweak interactions and will mark new stage in 
high energy physics. 

In extended Higgs models, which would be deduced in the low energy ef- 
fective theory of new physics models, additional Higgs bosons like charged 
and CP-odd scalar bosons are predicted. Phenomenology of these extra scalar 
bosons strongly depends on the characteristics of each new physics model. By 
measuring their properties like masses, widths, production rates and decay 
branching ratios, the outline of physics beyond the electroweak scale can be 
experimentally determined. 

The interesting feature compared with other 3-3-1 models is the Higgs physics. 
In the 3-3-1 models, the general Higgs sector is very complicated [28f29,3l]]|^ 
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and this prevents the models' predicabihty. The scalar sector of the considering 
model is one of subjects in the present work. As shown, by couplings of the 
scalar fields with the ordinary gauge bosons such as the photon, the W and the 
neutral Z gauge bosons, we are able to identify full content of the Higgs sector 
in the standard model including the neutral H and the Goldstone bosons eaten 
by their associated massive gauge ones. All interactions among Higgs-gauge 
bosons in the standard model are recovered. 

Production of the Higgs boson in the 3-3-1 model with right-handed neutrinos 
at LHC has been considered in [32] ■ In scalar sector of the considered model, 
there exists the singly-charged boson H2, which is a subject of intensive cur- 
rent studies [33|M] . The trilinear coupling ZW^H"^ which differs, at the tree 
level, from zero only in the models with Higgs triplets, plays a special role on 
study phenomenology of these exotic representations. We shall pay particular 
interest on this boson. 

At the tree level, the mass matrix for the up-quarks has one massless state and 
in the down-quark sector, there are two massless ones. This calls for radiative 
corrections. To solve this problem, the authors in Ref. [2D] have introduced the 
third Higgs triplet. In this sense the economical 3-3-1 model is not realistic. 
In the present work we will show that this is a mistake! Without the third 
one, at the one loop level, the fermions in this model, with the given set of 
parameters, gain a consistent mass spectrum. A numerical evaluation leads us 
to conclusion that in the model under consideration, there are two scales for 
masses of the exotic quarks. 

At the tree level, the neutrino spectrum is Dirac particles with one massless 
and two degenerate in mass ~ h'^v. This spectrum is not realistic under the 
data because there is only one squared-mass splitting. Since the observed neu- 
trino masses are so small, the Dirac mass is unnatural. One must understand 
what physics gives h'^v -C /i'f — the mass of charged leptons. In contrast to 
the seesaw cases [35] in which the problem can be solved, in this model the 
neutrinos including the right-handed ones get only small masses through ra- 
diative corrections [36ll37ll25|l29] . We will obtain these radiative corrections and 
provides a possible explanation of natural smallness of the neutrino masses. 
This is not the result of a seesaw, but it is due to a finite mass renormalization 
arising from a very different radiative mechanism. We will show that the neu- 
trinos can get mass not only from the standard symmetry breakdown, but also 
from the electroweak SU(3)l ® U(l)x breaking associated with spontaneous 
lepton- number breaking (SLB), and even through the explicit lepton-number 
violating processes due to a new physics. The total neutrino mass spectrum 
at the one-loop level is neat and can fit the data. 

This report is organized as follows. In Section [2] we give a review of the model 
with stressing on the gauge bosons, currents, and constraints on the new 
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physics. The Higgs-gauge interactions and scalar content are considered in 
Section [31 Section H] is devoted to fermion masses. We summarize our results 
and make conclusions in the last section — Section O 



2 The Economical 3-3-1 Model 



We first recall the idea of constructing the model. An exact diagonalization 
of charged and neutral gauge boson sectors and their masses and mixings 
are presented. Because of the mixings, currents in this model have unusual 
features which are obtained then. Constraints on the parameters and some 
phenomena are sketched. 



2.1 Particle Content 



The fermion content which is anomaly free is given by Eq. ([8]) like that of the 
3-3-1 model with right-handed neutrinos. However, contrasting with the ordi- 
nary model in which the third generation of quarks should be discriminating 
|15] . in the model under consideration the first generation has to be different 
from the two others. This results from the mass patterns for the quarks which 
will be derived in Section HI 



The 3-3-1 gauge group is broken spontaneously via two stages. In the first 
stage, it is embedded in that of the standard model via a Higgs scalar triplet 



X 



\X3j 



1,3, — 
' ' 3 



(10) 



with the VEV given by 



V2 







:iii 



In the last stage, to embed the standard model gauge symmetry in SU(3)c (8> 
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U(1)q, another Higgs scalar triplet is needed 



with the VEV as follows 



\4>tl 



1,3, ■ 



(12) 



(13) 



The Yukawa interactions which induce masses for the fermions can be written 
in the most general form as follows 



(14) 



where LNC and LNV respectively indicate to the lepton number conserving 
and violating ones as shown below. Here, each part is defined by 



>ClNC = h^QlLXUa + h^pQaLX*DpR + h'^QlL(f>daR + KaQaL<fUaR 

+hlb'^aL(j)lbR + Kbepmn{'ipaL)pi'^bL)m{<P)n + H.C., (15) 

>ClNV = S^QlLXUaR + siaQaLX*daR + S^QlL4>DaR + S^QaL(f)*UR 

+H.C., (16) 

where p, m and n stand for SU(3)l indices. 

The VEV uj gives mass for the exotic quarks U and Da-, u gives mass for 
ui,da, while v gives mass for Ua,di and all ordinary leptons. In Section H] we 
will provide more details on analysis of fermion masses. As mentioned, u is 
responsible for the first stage of symmetry breaking, while the second stage is 
due to u and v; therefore, the VEVs in this model satisfies the constraint: 

(17) 



The Yukawa couplings in Eq. f|T5|) possess an extra global symmetry [29][30] 
which is not broken by v,u!, but by u. From these couplings, one can find 
the following lepton symmetry L as in Table [T] (only the fields with nonzero 
L are listed; all other fields have vanishing L). Here L is broken by u which 
is behind L{xi) = 2, i.e., u is a kind of the SLB scale [38]- It is interesting 
that the exotic quarks also carry the lepton number (so-called leptoquarks); 
therefore, this L obviously does not commute with the gauge symmetry. One 
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Table 1 

Nonzero lepton number L of the model particles. 



Field 




laL,R 


Kr 


X? 


X2 




Ul,r 


DaL,R 


L 


1 


1 


-1 


2 


2 


-2 


-2 


2 



Table 2 

B and £ charges of the model multiplets. 



Multiplet 


X 




QlL 


QaL 




daR 


Ur 


DaR 




laR 


S-charge 








1 

3 


1 
3 


1 
3 


1 
3 


1 

3 


1 
3 








£-charge 


4 
3 


2 
3 


2 

3 


2 
3 








-2 


2 


1 

3 


1 



can then construct a new conserved charge £ through L by making a hnear 
combination L = xT^+yT^+CI . Applying L on a lepton triplet, the coefficients 
will be determined 

L = ^T, + CI. (18) 

Another useful conserved charge B which is exactly not broken by -u, v and uo 
is usual baryon number: B = BI . Both the charges C and B for the fermion 
and Higgs multiplets are listed in Table [2j 

Let us note that the Yukawa couplings of (fT6!) conserve however, violate 
C with ±2 units which implies that these interactions are much smaller than 
the first ones [21]: 

si, st, s^, « h^, h^,, hi, hi,. (19) 

In previous studies [201139] . the LNV terms of this kind have often been ex- 
cluded, commonly by the adoption of an appropriate discrete symmetry. There 
is no reason within the 3-3-1 models why such terms should not be present. 

In this model, the most general Higgs potential has very simple form 



v{x, 0) = ^Ax\ + yU20V + ^lixhf + A2(0V)' 

+A3(x^x)(0V) + A4(xV)(0^x). (20) 

It is noteworthy that V{Xi 0) does not contain trilinear scalar couplings and 
conserves both the mentioned global symmetries, this makes the Higgs po- 
tential much simpler and discriminative from the previous ones of the 3-3-1 
models [25|29II30|I^ . This potential is closer to that of the standard model. 
In the next section we will show that after spontaneous symmetry breaking, 
there are eight Goldstone bosons — the needed number for massive gauge ones 
and three physical scalar fields (one charged and two neutral). One of two 
physical neutral scalars is the standard model Higgs boson. 

To break the gauge symmetry spontaneously, the Higgs vacuums are not 
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SU(3)l ® U(l)x singlets. Hence, non-zero values of x ^i-nd at the minimum 
value of Vix^ 0) can be easily obtained by (for details, see Section [3]) 



2 " 4AiA2-Ai ' ^ ' 



2 4AiA2-Ai ^ ^ 

It is important noting that any other choice of m, uj for the vacuum value of 
X satisfying (12T|) gives the same physics because it is related to (fTT!) by an 
SU(3)l ® U(l)x transformation. It is worth noting that the assumed m 7^ is 
therefore given in a general case. This model, however, does not lead to the 
formation of Majoron [10|l38] . 



2.2 Gauge Bosons 



The covariant derivative of a triplet is given by 



(23) 



where the gauge fields Wi and B transform as the adjoint representations 
of SU(3)i^ and U(l)x, respectively, and the corresponding gauge coupling 
constants g, gx- Moreover, Tg = ;^diag(l, 1, 1) is fixed so that the relation 
Tr(TjTj) = ^6ij = 1,2,..., 9) is satisfied. The matrix appeared in the 
above covariant derivative is rewritten in a convenient form 



9 
2 



Ws, + ^+tJ-iXB, 



V 



V3 

V2W'- 



where t = gx/ g- Let us denote the following combinations 



■^+t^^XB^^ 
(24) 



W': 



2n 



V2 



V2 



X 



/O 



w^4m - m 



5fi 



V2 



(25) 



having defined charges under the generators of the SU(3)l group. For the sake 
of convenience in further reading, we note that, W4 and W5 are pure real and 
imaginary parts of X'^ and X'^*, respectively 



X 



/0*^ 



(26) 



The masses of the gauge bosons in this model are followed from 



15 



GB 



4^2 



g'^uuj 



4v^ 



1 



2 2 



8At 



3 V 3 



2 



1 2 



3 V 3 



The combinations H^' and Y' are mixing via 



^CG ^ ^cvf/'- y- 



V 




Diagonalizing this mass matrix, we get physical charged gauge bosons 

= cose w'^ - sine y;, = sine + cose y;, 

where the mixing angle is defined by 



tan e 



u 



UJ 



The mass eigenvalues are 



w 



ghj^ 
4 '' 



Because of the constraints in (I17p . the following remarks are in order: 
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(1) 6 should be very small, and then ~ W^, ~ Y'^. 

(2) V ~ Vweak = 246 GeV due to identification of W as the W boson in the 
standard model. 

Next, from fl27p . the gains mass as follows 

M^3 = ^(c.^ + «^). (32) 



Finally, there is a mixing among W^^W^^B^W^ components. In the basis of 
these elements, the mass matrix is given by 



uuo 



2 , 8t , „,2 I , ,2 



(33) 

Note that the mass Lagrangian in this case has the form 

d = \v^M^V, ^ (1^3, W,, B, W,). (34) 

In the limit u 0, W4 does not mix with W^jWs, B. In the general case 
M 7^ 0, the mass matrix in fl33|) contains two exact eigenvalues such as 



M^ = 0, M^, = ^(o;2 + «2). (35) 



Thus the and W5 components have the same mass, and this conclusion con- 
tradicts the previous analysis in Ref. [T9]. With this result, we should identify 
the combination of and W^. 

V2Xl = W',^ - iW,, (36) 

as physical neutral non-Hermitian gauge boson. The subscript denotes neu- 
trality of gauge boson X. However, in the following, this subscript may be 
dropped. This boson caries the lepton number with two units, hence it is 
the bilepton like those in the usual 3-3-1 model with right-handed neutrinos. 
From (I5UI) . (pri) and ([25]), it follows an interesting relation between the bilepton 
masses similar to the law of Pythagoras 



M^ = Mj. + M^. (37) 

Thus the charged bilepton Y is slightly heavier than the neutral one X. Re- 
mind that the similar relation in the 3-3-1 model with right-handed neutrinos 
is [H]: -M|.| < m^. 
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Now we turn to the eigenstate question. The eigenstates corresponding to the 
two values in (l35ll are determined as follows 



A, 



1 



VT8 + 4F 



-t 
V J 



I 



1 

W^ = 

Vl + 4tan2 2^ 



tan 26* 
v/3tan20 

1 



■ (38) 



To embed this model in the effective theory at the low energy we follow an 
appropriate method in Ref. [l2|f^ . where the photon field couples with the 
lepton by strength 

VSgx 



C 



EM 
int 



(39) 



V18 + 4^2 

Therefore the coefficient of the electromagnetic coupling constant can be iden- 
tified as 



X 



, - e (40) 

Using continuation of the gauge coupling constant g of SU(3)l at the sponta- 
neous symmetry breaking point 



g = g[S\J{2)L] = — 

Sw 



from which it follows 



t = 



3-4^2,' 



The eigenstates are now rewritten as follows 



(41) 



(42) 



w 



f2 



^26 



1 +4t2 



29 



29 



1 + 4^2 



26 



where we have denoted sw = sin 9w, t29 = tan 26', and so forth. 



(43) 



The diagonalization of the mass matrix is done via three steps. In the first 
step, it is in the base of {A^, Z^, Z'^jW^^), where the two remaining gauge 
vectors are given by 
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= CwW3, - Sw (^-^^8m + y 1 - ' ' 

Z'=\^^Ws,+ '-^B,. (44) 



In this basis, the mass matrix becomes 



M'2 = ^ 



4 



V 



Cm/ 



2iil" 



2uuj 

2uu) 



cw 



(45) 



Also, in the hmit -u ^ 0, does not mix with Z^, Z^. The eigenstate VF^^ 
is now defined by 



t 



26* 



Cw\ I 



It 



29 



Z' 



29 



A^l■ 



(46) 



We turn to the second step. To see exphcitly that the following basis is or- 
thogonal and normalized, let us put 



se' 



he 



(47) 



which leads to 



1^4^ = S0,Z^ + Cqi 



Acl,-lZ'+Jl-tl{4cl.-l)W. 



4m 



(4J 



Note that the mixing angle in this step 6' is the same order as the mixing 
angle in the charged gauge boson sector. Taking into account [3] ~ 0.231, 
from ( |47|) we get sg' — 2.28se. It is now easy to choose two remaining gauge 
vectors orthogonal to W^^: 



Zn — C9'Za — Sgi 



tg,JAcl. - IZ' +Jl- 4{Acl. - 1)W,, 



(49) 



Therefore, in the base of (A^, Z^, Z'^,W^^) the mass matrix M'^ has a quasi- 
diagonal form 
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M' 



1/2 



with 







m| 



m 



ZZ' 







ZZ' 



m- 









(50) 



^{u' + uj^)) 



m 



ZZ' 



(l + 34)^^ + (l + 44)t;^-t>^ 
ig-'K + {3 - 4sl,)tl,] 



1 + Atl, {[C2w + (3 - Asl)tl,y -v'-i3- Asl)tl,u;'} 



4g~^J3-4sl,[cl, + {3-Asl,)tl,] 



(51) 



[4w + (3 - "^sly^KW + v'' + [4c^ + (1 + 4c^^)(3 - 4sl.)tl]uj^ 
4(7-2(3 _4,2^)[c2^ + (3 _4,2^)ty 



In the last step, it is trivial to diagonalize the mass matrix in (]50i) . The two 
remaining mass eigenstates are given by 



7^ — r 7 — e 7' 



where the mixing angle between Z and Z' is defined by 



(52) 



3 - 4s2^) (l + Atl,)] ^'^ { [c2w + (3 - As^w) t 



he 



u 



3-AslA tleuo''' 



}}{[2s^^-l + (84-2^2^ -3) 4 
+2 (3 - 4^2^) 4] + + (84 + 9c2ty) 4] uo^Y' 
The physical mass eigenvalues are defined by 



u 



[C2W 

(53) 



M|. = [2(^-2(3 _ 4^2^)]-! |^2^(^2 ^ ^2) ^ ^2 

- ^[c^(m2 + cu2) + t;2]2 + (3 - 4s^)(3m2cj2 - u^v^ - v^uo^) 
Ml, = [2g-\3 - 44)]-i {c^(n2 + 00^) + t;2 

+ V[cvf(«' + + ^']' + (3 - 4s^)(3m2cj2 _ ^2^,2 _ ^2^2) I _ 



Because of the condition (IT71) . the angle has to be very small 

/3-4.2^[t;2 + (11 - 14.2^)^2] 



^2ip 



2ct^o;2 



(54) 
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In this approximation, the above physical states have masses 




(t;2-3n2), 



(55) 



(56) 



Consequently, can be identified as the Z boson in the standard model, 
and Z^ being the new neutral (Hermitian) gauge boson. It is important to 
note that in the limit m — the mixing angle between Z and Z' is always 
non-vanishing. This differs from the mixing angle Q between the W boson 
of the standard model and the singly- charged bilepton Y . Phenomenology of 
the mentioned mixing is quite similar to the — Wr mixing in the left- 
right symmetric model based on the SU(2)^ SU(2)j;^ U(1)b_l group (the 
interested reader can find in [15]). 



2. 3 Currents 



The interaction among fermions with gauge bosons arises in part from 



2.3.1 Charged Currents 

Despite neutrality, the gauge bosons X^, X^* belong to this section by their 
nature. Because of the mixing among the standard model W boson and the 
charged bilepton Y as well as among (X° + X°*) with {W3, Ws, B), the new 
interaction terms exist as follows 



ffcc^y/ jM- w+ + jii-Y+ + JTx"!. + H.c.) (58 



iip'Jfj.D^il! = kinematic terms + H + H 



■NC 



(57) 




where 
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-se [Kil^laL + Uil^diL + u^Ll^D^i) , (59) 
j^- = C0 {iyaL^laL + UiYdn + Uc.li'^D^l) 

+ Se {^alYlaL + UaLl^dal) , (60) 
Jf* ^ (1 - tl,) [uaLl^ulL + U^lI^Ul - D^L^d^L) 

-tie (KL^^aL + Ul^Uil - d^LYD^A + -J^= (61) 

Comparing with the charged currents in the usual 3-3-1 model with right- 
handed neutrinos [18] we get the following discrepances 

(1) The second term in (!59l) 

(2) The second term in (!60l) 

(3) The second and the third terms in ( 1611) 

All mentioned above interactions are lepton-number violating and weak (pro- 
portional to sin 6* or its square sin^ 6). However, these couplings lead to lepton- 
number violations only in the neutrino sector. 



2.3.2 Neutral Currents 

As before, in this model, a real part of the non-Hermitian neutral mixes 
with the real neutral ones such as Z and Z' . This gives the unusual term as 
follows 



Despite the mixing among VFg; -B, W4, the electromagnetic interactions 
remain the same as in the standard model and the usual 3-3-1 model with 
right-handed neutrinos, i.e. 

JT = T.^fh,f^ (63) 

/ 

where / runs among all the fermions of the model. 

Interactions of the neutral currents with fermions have a common form 



9 I 



^^'^ = T^fl' 9kvU) - 9kA{fh' fZ'^, = 1, 2, (64) 
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Table 3 

The Zj^ — > // couphngs. 



/ 


givU) 








c^\/(4c^-l)(l+4t29)+s^ 




2A/(4c?i,-l)[l+(3-t^)i:^,] 


la 


(3-4c^ ) [c^ - 1) (1+4*29 


c^\/(44--l)(l+4t2g)+s^ 




2V(4c2^-l)[l+(3-i^)ti«] 


Ui 


cv. V^Cw- l[3{l+2*2e )-8^w (1+4*29 )1 -V (3+2s^) \/l+4i^e 


c.^\/4c^-l(l+2t2g)_s^C2i4A^l+4t^g 


6V(4c^-l)(l+4*^fl)[l+{3-i^^^,)i^,] 


2V(4c^-l)(l+4t^fl)[l+{3-t^^.)*^9] 


di 


(1-4c^)[c^V(4c^-1)(1+4*^9)+«'p1 


c^V(4c?t.-l)(l+4i^e)+«^ 


6\/(4cl^-l)[l+{3-t^^t,)iifl] 


2\/(4c|^,-l)[l+{3-i^)t^,] 




(3-8s^)[c^V(4c^-l){l+4t2g)+s^] 


c»>\/(44'-l) (1+4*^9 )+V 


6V(4c2^-l)[l+(3-t^)i^,] 


2A/(4c?t,-l)[l+(3-t^)t^«] 


da 


CvV4Cw--l[(1^4c^)(l+4i^^)+6i^(,]+s^(l+2c^)^l+4t^^ 


C¥>V4c^-l(l+2t29)-VC2VI/Vl+4*29 


6V(4c^-l)(l+4t^,)[l+(3-i^)t^,] 


2A/(4c^-l)(l+4t^fl)[l+{3-t^)t^,] 


u 


V44/ - 1 [3*ie -4«^ (l+4*ie )] (3- ) V l+4*^e 


(^f \/4c^ - 1*29 + V l+4<i9 


3V(4c^-l)(l+4t^s)[l+(3-*^)*^9] 


V(4c^-l)(l+4t2J[l+(3-t^)t^,] 


Da 


c^V4c^-l[2'^?l/(l+4*29)-3*i9l-V(3-5s^)Vl+4*^e 


c.^ \/4c^- W29+«'^c^- \/l+4*29 


3V(4c^-l)(l+4i^fl)[l+(3-t^)t^,] 


V(4c^-l)(l+4t^^)[l+{3-t^)i2J 



where 



9iv{f) 



mih) - 3tl,X{h) + [(3 - 8sl,)tl - 2sl,]Q{f)} 

(65) 



V'(l + 44)[l + (3-4)t^ 
s^[(4c2, - l)T,{h) + 3cl,X{h) - (3 - 5sl.)Q{f)] 



9iaU) 



v/(4c^ -!)[! + (3 
c^ [T3(/L)-34(X-g)(^)] 

(l + 44)[l + (3-4)ti,] 
s^[(4c2, - 1)T3(^) + 3c2^.(X - Q)Ul)] 



(66) 

'(4c2,-l)[l + (3-t2^)ti,] 

g2v{f) = 9iv{f){c^ -c^), (67) 

92Aif) = 9iAif)ic^ s^,s^ -c^). (68) 

Here Ts{fL), ^{fi) and Q{f) are, respectively, the third component of the 
weak isospin, the U(l)x charge and the electric charge of the fermion fi. 
Note that the isospin for the SU{2)l fermion singlet (in the bottom of triplets) 
vanishes: T3(/l) = 0. The values of giv{f), 9iA{f) and g2vif), 92A{f) are listed 
in Table [3] and Table HI 

Because of the above-mentioned mixing, the lepton-number violating interac- 
tions mediated by neutral gauge bosons and Z^ exist in the neutrino and 
the exotic quark sectors 
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Table 4 



The ff couphngs. 



/ 


92v{f) 


52a(/) 




V+c^\/(4c?y-l)(l+4t2g) 


V\/(4c^-l)(l+4tL)-c^ 


2V(l+4t2,)[l+(3-t2^)i2,] 


2A/(4c?t,-l)[l+{3-t2^)i2,] 


la 




'^^\/(4c^-l){l+4t^e)-c^ 




2V(4c2,-l)[l+{3-i2^)t2,] 


Ui 


s^V4cvF-l[3(l+2t2e)-8'*w(l+4*2e)l+Cv(3+25^(.)\/l+4<2e 


\/ 4cft. - 1(1+2*2, )+c^C2iv ^1+4(2^ 


6V(4c^-l)(l+4t^9)[l+{3-t'„.)*M] 


2\/(4c^-l)(l+4t^fl)[l+(3-t^)*^fl] 


di 


(l-4c^)[s^V(4c^-l)(l+4*2e)-Cv=l 


'^^V(4cw-l)(l+4<2fl)-c^ 


6\/(4c|^-l)[l+{3-t'„,-)<ifl] 


2\/(4c|^,-l)[l+(3-i^)t2,] 






V\/(4c^-l)(l+4*29)-c»' 


6V(4c2^-l)[l+(3-t2^,)i2,] 


2A/(4c?v-l)[l+(3-t?^)t^9] 


da 


vV4c^(.-l[(l-4Cw)(l+4*2£))+6<2el-c*'(l+2c^)Vl+4*29 


S¥>\/^C^-l(l+2*2e)+^¥'^2M'A/l+''*29 


6V(4c^-l)(l+4t2,)[l+(3-i^)t2,] 


2V(4c^-l)(l+4t^fl)[l+{3-t^)t^«] 


u 


V - 1 [3*ie -4s w )] (3- ) V l+4t^e 


V^'^w'- -"-'ie -'^'^'^M/\/-'-+^*2e 


3V(4c^-l)(l+4i2,)[l+(3-i^)t2,] 


V(4c^-l)(l+4t2,)[l+(3-t^)t2,] 


Da 


V\/4c?y-l[2''w(l+4*2e)-3tM]+c^(3-5s^)Vl+4t^e 


\/44,-- -c^c2^,y 1+4*2, 


3V(4c^-l)(l+4i2,)[l+(3-t^)t2,] 


V(4c^-l)(l+4t2,)[l+(3-t^)i2,] 



^Cll'L^al = -^^^^^^ {^aLl'^L + ^ILT^J/l " ^^LT'^^^l) + H.c(.69) 

Again, these interactions are very weak and proportional to sin^^. From fl59l) 
- ( 1611) and fl69l) we conclude that all lepton-number violating interactions are 
expressed in the terms dependent only in the mixing angle between the charged 
gauge bosons. 



2.4 Phenomenology 



First of all we should find some constraints on the parameters of the model. 
There are many ways to get constraints on the mixing angle 9 and the charged 
bilepton mass My- Below we present a simple one. In our model, the W boson 
has the following normal main decay modes: 



W ^l Pi {1 = e,/i,r), 

\ u^d, u^s, u%, (u-^c), (70) 

which are the same as in the standard model and in the 3-3-1 model with 
right-handed neutrinos. Beside the above modes, there are additional ones 
which are lepton-number violating (AL = 2) - the model's specific feature 

W- ^l ui {l = e,fi,T). (71) 

It is easy to compute the tree level decay widths as follows [B] 
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TBorn 



TBorn 



{W 



color 



lyi) 



U'rdj] 



g'cj Mw 

8 Gvr 



w 



8 67r 



x)(l 



1 -x)(l 



a; 






2 




12s2, 


X 






2 







X = m^/M^ 



8 67r ' 



1 — 2(a; + x) + ix — x) 



1 - 



X + X {x — x) 



2 



,2 I '^^i I ' 



4s 



w 



(72) 



Quantum chromodynamics radiative corrections modify Eq. (!72|) by a multi- 
plicative factor |3| 



Sqcq = 1 + as{Mz)/7i + lA09al/n^ - 12.77al/7i^ ~ 1.04, 



(73) 



which is estimated from as{Mz) — 0.12138. All the state masses can be ig- 
nored, the predicted total width for W decay into fermions is 



r- = 1.04^(1-.^) + "^^ 



9^2 



4^2 



(74) 



Taking a{Mz) - 1/128, Mw = 80.425GeV, = 0.2312 and r*^^* = 2.124 ± 
0.041GeV [3], in FigUl we have plotted T]^ as function of sq. From the figure 
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Fig. 1. W width as function of sin0, and the horizontal lines are an upper and a 
lower limit. 



we get an upper limit: 



sin0 < 0.08. 



(75) 
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Fig. 2. Feynman diagram for the wrong muon decay /i — > e Ve^^. 

It is important to note that this hmit value on the LNV parameter u/uj is 
much larger than those in Refs. [30P5] . 

Since one of the VEVs is closely to the those in the standard model: v ~ 
Vweak = 246 GeV, therefore only two free VEVs exist in the considering model, 
namely u and uj. The bilepton mass limit can be obtained from the "wrong" 
muon decay 

eTvJj^ (76) 

mediated, at the tree level, by both the standard model W and the singly- 
charged bilepton Y (see Fig|2]). Remind that in the 3-3-1 model with right- 
handed neutrinos, at the lowest order, this decay is mediated only by the 
singly-charged bilepton Y . In our case, the second diagram in Figl2] gives 
main contribution. Taking into account of the famous experimental data ^ 

Rmuon ^ ^i^" ''~''!^'\ < 1.2% 90 % CL (77) 

we get the constraint: Rmuon — j^- Therefore, it follows that My > 230 GeV. 

However, the stronger bilepton mass bound of 440 GeV has been derived from 
consideration of experimental limit on lepton-number violating charged lepton 
decays [46] . 

In the case of u — > 0, analyzing the Z decay width [20l)47] . the Z — Z' mixing 
angle is constrained by —0.0015 < < 0.001. From atomic parity violation in 
cesium, bounds for mass of the new exotic Z' and the Z — Z' mixing angles, 
again in the limit u — >^ 0, are given [201ITF] 

- 0.00156 <Lp< 0.00105, Mz^ > 2.1 TeV (78) 

These values coincide with the bounds in the usual 3-3-1 model with right- 
handed neutrinos [H]. The interested reader can find in [23] for the general 
case M 7^ of the constraints. 

For our purpose we consider the p parameter - one of the most important 
quantities of the standard model, having a leading contribution in terms of 
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the T parameter, is very useful to get the new-physics effects. It is well-known 
relation between p and T parameter 

p = l + aT (79) 

In the usual 3-3-1 model with right-handed neutrinos, T gets contribution 
from the oblique correction and the Z — Z' mixing [41j 



TrhN — TzZ' + Tobligue, (80) 



where Tzz' - i^j^ - 1 j is negligible for Mz' less than 1 TeV, ToUique 

depends on masses of the top quark and the standard model Higgs boson. 
Again at the tree level and the limit ( flTl) . from ( !30l) and ( !55l) we get an 
expression for the p parameter in the considering model 

^- - ^ -1 + ^. (81) 



Note that formula ( IHTi) has only one free parameter u, since v is very close to 
the VEV in the standard model. Neglecting the contribution from the usual 
3-3-1 model with right-handed neutrinos and taking into account the experi- 
mental data [3] p = 0.9987 ± 0.0016 we get the constraint on u parameter by 
- < 0.01 which leads to m < 2.46 GeV. This means that u is much smaller 
than V, as expected. 

It seems that the p parameter, at the tree level, in this model, is favorable 
to be bigger than one and this is similar to the case of the models contained 
heavy Z' 



The interesting new physics compared with other 3-3-1 models is the neu- 
trino physics. Due to lepton-number violating couplings we have the following 
interesting consequences: 

(1) Processes with AL = ±2 

From the charged currents we have the following lepton-number violating 
AL = ±2 decays such as 

p~ ^e'Uei^^, 

p^ ^e~h'ei^fi, {p can be replaced by r) (82) 

in which both the standard model W boson and charged bilepton Y~ are 
in intermediate states (see Fig. [3]). Here the main contribution arises from 
the first diagram. Note that the wrong muon decay violates only family 
lepton-number, i.e. AL = 0, but not lepton-number at all as in (1821) . The 
decay rates are given by 
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Fig. 4. Feynman diagram for ViUi VjUj {i j = &,^Ji',t). 

_ r(/i- ^ e'Uey^) _ r(/i- -> e-Ve^^,) ^, „2 .ooN 

r(/i e Uei^f,) r(/i e Z/e^^^j 

Taking = 0.08, we get Rrare — 6 x lO^'^. This rate is the same as 
the wrong muon decay one. Interesting to note that, the family lepton- 
number violating processes 

UiUi UjUj, (i ^ j) (84) 

are mediated not only by the non-Hermitian bilepton X but also by the 
Hermitian neutral Z^,Z^ (see FigS]). 

The first diagram in FigJH exists also in the 3-3-1 model with right- 
handed neutrinos, but the second one does not appear there. 
(2) Lepton-number violating kaon decays 

Next, let us consider the lepton-number violating decay [3] 

7r° + e+i>e < 3 X IQ-^ at 90% CL (85) 

This decay can be explained in the considering model as the subprocess 
given below 

s — > u + e'^h'e- (86) 

This process is mediated by the standard model W boson and the charged 
bilepton Y. Amplitude of the considered process is proportional to sin 6' 

, , sin20 / , , 

M(i^S + e-P,).^ 1-^ (87) 
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Next, let us consider the "normal decay" [3] 

^ 7r° + e+z/e (4.87 ± 0.06) % 

with amplitude 



1 

s u + e^Ve) — 

From (EZl) and (EH]) we get 



M{s^u + e+z/,) ~ — ^ (89) 



^ 1^(5 — >■ M + e"'"Z/e) 9 ^ , , 

= T^Tz , , ^ ^ sin^ e. 90 

r(s — >• M + e+z/g) 

In the framework of this model, we derive the following decay modes 
with rates 

T{K+ ^ + e+i>e) r(ir+ ^ 7r° + u+i)^ . , , 
it^w - ^^^^ ^ ^0 + e+z.,) - r(ir+ ^ ttO + /i+z/,) - ^ ^ ^xl" • 

(91) 

Note that the similar lepton-number violating processes exist in the SU(2)/{ 
0SU(2)i ® U(l)B_i model (for details, see Ref.HS]). 



2. 5 Summary 



In this section we have presented the 3-3-1 model with the minimal scalar 
sector (only two Higgs triplets). This version belongs to the 3-3-1 model 
without exotic charges (charges of the exotic quarks are | and — |)- The 
spontaneous symmetry breakdown is achieved with only two Higgs triplets. 
One of the VEVs -u is a source of lepton-number violations and a reason 
for the mixing between the charged gauge bosons - the standard model W 
and the singly- charged bilepton gauge bosons as well as between neutral non- 
Hermitian X° and neutral gauge bosons: the Z and the new exotic Z' . At the 
tree level, masses of the charged gauge bosons satisfy the law of Pythagoras 
My = Mx + and in the limit u ^ u,v, the p parameter gets addi- 
tional contribution dependent only on ^. Thus, this leads to u <^ v, and there 
are three quite different scales for the VEVs of the model: one is very small 
M ~ 0(1) GeV - a lepton-number violating parameter, the second v is close to 
the standard model one : v ~ f^eafc = 246 GeV and the last is in the range of 
new physics scale about 0(1) TeV. 

In difference with the usual 3-3-1 model with right-handed neutrinos, in this 
model the first family of quarks should be distinctive of the two others. 

The exact diagonalization of the neutral gauge boson sector is derived. Because 
of the parameter u, the lepton-number violation happens only in neutrino 
but not in charged lepton sector. It is interesting to note that despite the 
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mentioned above mixing, the electromagnetic current remains unchanged. In 
this model, the lepton-number changing (AL = ±2) processes exist but only 
in the neutrino sector. 

It is worth mentioning on the advantage of the considered model: the new 
mixing angle between the charged gauge bosons 9 is connected with one of the 
VEVs u - the parameter of lepton-number violations. There is no new param- 
eter, but it contains very simple Higgs sector, hence the significant number of 
free parameters is reduced. 

The model contains new kinds of interactions in the neutrino sector. Hence 
neutrino physics in this model is very rich. We will turn to further studies on 
neutrino masses and mixing in Section HI 



3 Higgs-Gauge Boson Interactions 



We first obtain the scalar fields and mass spectra. The couplings of the scalar 
fields with the ordinary gauge bosons are presented then. Cross section for the 
production of the charged Higgs boson at LHC are calculated. 



3.1 Higgs Potential 



The Higgs potential in the model under consideration is given by Eq. ([20 
Let us first shift the Higgs fields into physical ones: 



X 



X2 

V^3 +73/ 



/ 



V 



lPO _|_ V 



(92) 



The subscript P denotes physical fields as in the usual treatment. However, 
in the following, this subscript will be dropped. By substitution of into 
(1201) . the potential becomes 



X2X2 



V 



^2 + ^M-V^3r3 



+ 
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+A2 
+A3 



iO* 



'1 ri 



+ 



V2, 



V 



X 



'1 S^l 



+A4 



+ 



V2, 



+ 



X 



V2, 



(93) 



From the above expression, we get constraint equations at the tree level 



+ Xi{u^ + uj^) + A3- 



fil + A2f ^ + A3 



0, 
0. 



(94) 
(95) 



The nonzero values of x ^"^^ the potential minimum as mentioned can 
be easily derived from these equations to yield the given fl2T|) and fl22|) . 

Since u is a parameter of lepton-number violation, therefore the terms linear 
in u violate the latter. Applying the constraint equations (l9l|) and fl95|) we 
get the minimum value, mass terms, lepton-number conserving and violating 
interactions as follows 



where 



— Knin + V^ass + ^mass + ^LNC + VlNV, 



(96) 



mm 
N 

mass ' 



c 



LNV ■ 



Xi{uSi + 0083) + X2V 5*2 + X3v{uSi + UjS3)S2, 

^(m0| + Vxt + ^03 )(w0r + + ^03 



ViNc = Xiixhf + A2(0V)' + A3(X^X)(0V) + A4(xV)(0^x) 

+2Aia;53(x^x) + 2A2t;52(0V) + ^svS^ix^x) + A3a;53(0t< 



+ 



(fX2 + t^03 )(xV) + ^i'l^xt + ^03 )(0"^X), 



2X,uS,{x^x) + A3W^i(0V) + ^« [0r(xV) + 0^(0^X) 



(97) 
(98) 



(99) 
(100) 
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In the above equations, we have dropped the subscript P and used x = 
(Xi5X2 5X3)^5 = {'Pi : (p2y ^t)'^ ■ Moreover, we have expanded the neutral 
Higgs fields as 

n 5*1 + lAi n S'i + iA-i n So + iAo 

x; = ^. ^5=^. (101) 

In the literature, the real parts {Si,i = 1,2,3) are also called CP-even scalar 
and the imaginary part {Ai,i = 1,2,3) - CP-odd scalar. In this paper, for 
short, we call them scalar and pseudoscalar field, respectively. As expected, the 
lepton-number violating part Vlnc is linear in u and trilinear in scalar fields. 
These couplings will be also a source for lepton-number violations such as the 
mass spectra of quarks including exotic ones as well as neutrino Majorana 
masses, but given at higher-order corrections. 

In the pseudoscalar sector, all the fields are Goldstone bosons: Gi = Ai, 
G2 = A2 and G3 = A3 (cl. Eq. flOTl) ). The scalar fields Si, S2 and 5*3 gain 
masses via fl97j) . thus we get one Goldstone boson G4 and two neutral physical 
fields — the standard model and the new with masses 



4A1A2 — A| 2 



2Ai 



(102) 



M^O = \2V^ + \l{u^ + UJ^) + ^[\2V^ - Ai(m2 + ^2)]2 + X2y2^^2 + ^2) 

~2AiCj2. (103) 



In term of original fields, the Goldstone and Higgs fields are given by 



G4 = ^^iSi-teSs), (104) 

H' = ccS2 - -j^iteSi + Ss), (105) 

ffO = s^S2 + -j^iteSi + ^3), (106) 
'l + tl 



where 



X3MwMx 
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From Eq. fllOSp , it follows that mass of the new Higgs boson Mjjo is related to 
mass of the bilepton gauge (or via the law of Pythagoras) through 



g 



2Xis 



w 



Here, we have used a 



X 



18.8AiM|.. 



(108) 



and = 0.231. 



In the charged Higgs sector, the mass terms for (0i, X2, ^a) are given by 
thus there are two Goldstone bosons and one physical scalar field: 



1 



u'^ + v"^ + u"^ 



(m0+ + Vxt + ) 



with mass 



(109) 



UJ 



Ml ^ 



2 ' ' 27ra 

The two remaining Goldstone bosons are 



Y 



~ 4.7 X^M^. 



(110) 



Gi 



1 



3 Jy 



^(l+t2)(n2 + t;2+cu2) 



(111) 

(112) 



Thus, all the pseudoscalars are eigenstates and massless (Goldstone). Other 
fields are related to the scalars in the weak basis by the linear transformations: 



Gi 

\Gi J 



^2 



ce -So 



I 



OJ + CnV 



use 



VCg 



UJCg 



cg^Juj^ + C0f2 -se\Juj'^ + Cgt;2 



V 



vS2g 
2 



-UJ 



VCn 



J 



(113) 



(114) 



With the two Higgs triplets of the model, there are twelve real scalar compo- 
nents. Eight of the gauge symmetries of SU(3)l ® U(l)x are spontaneously 
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broken, which ehminates just eight Goldstone bosons associated with these 
fields. It leaves over just four massive scalar particles as obtained (one charged 
and two natural). There is no Majoron field in this model which contrasts to 
the 3-3-1 model with right-handed neutrinos |i50j- Let us remind the reader 
that among the Goldstone bosons there are four fields carrying the lepton 
number but they can be gauged away by an unitary transformation |40j . 

From (11021) and (I103p . we come to the previous result in Ref. [19] 

Ai > 0, Aa > 0, 4A1A2 > A^. (115) 

Eq. (IllOp shows that the mass of the charged Higgs boson Hf^ is proportional to 
those of the charged bilepton Y through a coefficient of Higgs self-interaction 
A4 > 0. Analogously, this happens for the standard- model-like Higgs boson 
H° (Mho ~ Mw) and the new (M^o ~ M^). Combining (fTT^ with the 
constraint equations (jUj), fl95|) we get a consequence: A3 is negative (A3 < 0). 
Let us remind the reader that the couplings X4,i,2 are fixed by the Higgs boson 
masses and A3, where the A3 defines the splitting Am^ ^ — [A3/(2Ai)]f ^ from 
the standard model prediction. 

To finish this section, let us comment on our physical Higgs bosons. In the 
effective approximation w ^ v,u, from Eqs (I113p . and (I114p it follows that 

^ S2, S-i, 6*4 ~ 5*1, 

Ht-<l^t, Gtr^xt- (116) 

This means that, in the effective approximation, the charged boson H2 is a 
scalar bilepton (with lepton number L = 2), while the neutral scalar bosons 
and do not carry lepton number (with L = 0). 



3.2 Higgs-Standard Model Gauge Couplings 

There are a total of 9 gauge bosons in the SU(3)l ® U(l)x group and 8 
of them are massive. As shown in the previous section, we have got just 8 
massless Goldstone bosons — the justified number for the model. One of the 
neutral scalars is identified with the standard model Higgs boson, therefore 
its couplings to ordinary gauge bosons such as the photon, the Z and the 
bosons have to have, in the effective limit, usual known forms. To search Higgs 
bosons at future high energy colliders, one needs their couplings with ordinary 
particles, specially with the gauge bosons in the standard model. 

The interactions among the gauge bosons and the Higgs bosons arise in part 
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from 

y: {d.yhd^y). 

y=x, 4> 

In the following the summation over Y is default and only the terms [ 
interested couplings are explicitly displayed. The covariant derivative is 
by Eq. 



D, 



NC 



where the matrices V]^'^ and V'^'^ are written as 



NC 



V, 



and 







cc 



-^3. + ^ + t^,XB, 



2W8p 
" V3 





+ t 



;;ivmg 
given 

(117) 



:ii8) 



cc 



9 

V2 



c,i7 - sew; 







(119) 



Let us recall that t = gx/g = Sv^si^/yS — 4s^, tan6' = u/ou, and W^^^Y^ 
and X|] are the physical fields. The existence of y'^ is a consequence of mixing 
among the real part (X°* + X°) with W^^, Wg^ and 5^; and its expression is 
determined from the mixing matrix U given in Appendix lA.ll 



(X + X ) 



where 



(120) 



[/'44 = Vl -^s^CHz- 



First, we consider the relevant couplings of the standard model W boson with 
the Higgs and Goldstone bosons. The trilinear couplings of the pair W^W~ 
with the neutral scalars are given by 

(^?'^(X))^(P^^'^X) + (^J^(</'))^(^^^^</>) + H.c. = ^^w;W-^S,. (122) 
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Table 5 

Trilinear coupling constants of W~^W~ with neutral Higgs bosons. 



Vertex 


Coupling 


W+W-H 




W+W-Hf 


a' 



Table 6 

Trilinear coupling constants of W~ with two Higgs bosons. 



Vertex 


Coupling 


Vertex 


Coupling 




igvcg 




gc0Uj 




igc^ 
2 




a 

2 




igu) 


Wf^-G^X^i 


2 *C 




gvcl 


W^'-Gt^ilG'i 


gseuj 
2Vt^2+c2,;2 




g^S2g 







Because of 5*2 is a combination of only H and Hf, therefore, there are two 
couplings which are given in Table O 

Couplings of the single W with two Higgs bosons exist in 



-d^'Y*{ceY,-seY3)] + }i.c. (123) 



V2 ^ 



sexl) 



H.c. 



(124) 



The resulting couplings of the single W boson with two scalar fields are listed in 
TableEl where we have used a notation Ad^B = A{d^B) — {di^iA)B. Vanishing 
couplings are 



= V{W-H^Gt) = V{W'H+G2) = V{W-GtG2) = 0. 



Quartic couplings of W^W with two scalar fields arise in part from 



36 



Table 7 

Nonzero quartic coupling constants of 



¥ with Higgs bosons. 



Vertex 



w+w~h+h:^ 



W+W-G+G^ 



W+W'GtGZ 



W+WH^Gq 



W+W-HH 



Coupling 



9_ 

2 



2 

'I'i 



Vertex 



W^W-GlGl 



W^W-GlG% 



W^W-G\G\ 



W+W-HH^ 



W+W-G^Gl 



W+W-G9.G2 



Coupling 



xtx2 +4x\*x\ 



+4^1 4>t + sl^3 



1 V^3 



2 V^2 



9^4 



31 
2 



2 



(125) 



With the help of (1A.3P and (lA.4p . we get the interested couplings of W^W~ 
with two scalars which are listed in Table [71 Our calculation give following 
vanishing couplings 



ViW^W-H+Gl) = V{W+W-GjG 



6 



v(iy+iy-if"G^) = V{W+W-H^Gl) = 



(126) 



Now we turn to the couplings of neutral gauge bosons with Higgs bosons. In 
this case, the interested couplings exist in 



{d.xTxi + d,xtX2 + d.^i^t + 5m02>2 - 2d,X3X3 - n 



3 {d.xTxl + d,xtX2 + d.xtxt) + 3 {d^r^^Pt + d,<f*<Pl 
+9^03 03 )] + y'{d,xTxl + d,xtx\ + d,ri<Pt + d,r,<Pt)} + H.c. (127) 



It can be checked that, as expected, the photon does not interact with 
neutral Higgs bosons. Other vanishing couplings are 



V{AHtG-,) = V{AH+G,) = V{AGtG^) = 



(128) 
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and 



ViAAH"^) = V{AAH^) = ViAAG^) = 0, 
V{AZH^) = V{AZH^) = V{AZG^) = 0, 
V(AZ'i7°) = V{AZ'H^) = V{AZ'Gi) = 0. 

The nonzero electromagnetic couplings are listed in Table [HI It should be 
Table 8 

Trilinear electromagnetic coupling constants of with two Higgs bosons. 



Vertex 




A^G^Xct 


A'^G^d^Gt 


Coupling 


ie 


ie 


ie 



noticed that the electromagnetic interaction is diagonal, i.e., the non-zero 
couplings in this model always have a form 



ieqHA^'H*d^H. 
For the Z bosons, the following observation is useful 



(129) 



W^ = Ui2Z^ + -- 



iy<r = U22Z'' + ■■■ 



U.2Z'' + 



(130) 



Here 



Cipis^r 3c^Sg,) S^J{1 As1,Cy^){AcY^ l)oi\ 

Ui2 = c^ce'Cw, U22 = 7^^^— 1*?!) 
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(132) 



are elements in the mixing matrix of the neutral gauge bosons given in Ap- 
pendix lA.ll From fll27p and (11301) , it follows that the trilinear couplings of the 
single Z with charged Higgs bosons exist in part from the Lagrangian terms 



^9 



f/. 



3V 3 

2 rr 2t /2 

7!"^^^ + TV 3 



f^32 I 5^X2 Xi - 



22 



It 2 



>*r3 'l>\ 



Us2 d,<P^<Pt 



H.c. (133) 



From (I133p we get trilinear couplings of the Z with the charged Higgs bosons 
which are listed in Table [9l The limit sign ( — >) in the Tables is the effective 
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Table 9 

Trilinear coupling constants of with two charged Higgs bosons. 



Vertex 


Coupling 




i9 Uv'^r^ 1 -•2"2Ur., , [, .Zn q„2N „,2 2l C/22 
2(a;2+i'2c^) Cg + 0; Sg;C7l2 + U OCgJ U Cq\ ^ 

+{iPc^ + 2uP'\^\ 'iU'^'} + up' sofiUAo \ — > —iaswtw 

V '3\/ 3 ^Z(7^ 4z 1 ^ij'-' vv ^ vv 


5 M 5 


m [c2c/i2 + (1 - 3.2)^ + f y|[/32 - — 2^(1 - 2.2,) 




^(^^^ {(a;2 + t;2,2,2)^^^ + [^2^2(i _ 3^2) _ ^2]^ 




. / f, 2 2 (■^20^12 + \/3s2ef^22 + 2C2et/42) — > 




igtuvcQ 


-4Ui2 + (2 - 3c2)^ + |y|C/32 + S2eUi2 


— > 


Z^G-^Gt 


, ,T^% , (S2ef/i2 + \/3s2ef/22 + 2c2eC/42) 



one. 

In the effective limit, the ZG^G^ vertex gets an exact expression as in the 
standard model. Hence G^ can be identified with the charged Goldstone boson 
in the standard model {Gw+). 



Now we search couplings of the single boson with neutral scalar fields. 
With the help of the following equations 



1 



iG2df,S2, 



^^.XTX^ + dyxTxi = 7; d^S.S^ + d^SsSi + d.G.Gs + d^G.G^ + tG^d^S, 



the necessary parts of Lagrangian are 



2 



U22 2t /2. 



XG3 dy Ss + U,2Gs dyS,+ \-U^2 + -J= + J^ -t/32 | G2 S2 



The resulting couplings are listed in Table [TOl From Table [TOl we conclude 
that G2 should be identified to Gz in the standard model. For the Z' boson, 
the following remark is again helpful 
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Table 10 

Trilinear coupling constants of Zn with two neutral Higgs bosons. 



Vertex 


Coupling 




2 




2) S0 + ;742C6 


1 — ' ° 




i( 




32) cc ^ 


ZA'r'n rT* Ff 


2 


l73^22 + |y|f/32) 


ce - f^42Se 


— > 






j S6) + U42Cg 


— > 






^(-^12 + ^ + 1^1^32) sc^O 




2 


f(;|f^- + 14^/32) 


ce - U42Se 


— > 




i[(^^2 + ^-|y|f/32)c 


8 - U42S0 


^ 9 

2cw 









9 
2 


(73^^22 + 14^32). 


g + C/42C6I 


— > 



3 — <-^13^ 
5'^ = f/33Z''^ + 



2/^ 



f/23^'^ + 



^23^ 
^3^ 



f/43^^ + 



(134) 



where 



f/l3 = -5<oCe'CH^, t/; 



23 



3c2t.4) + c^y^(l - 4g2,c2,)(4c2, - 1| 



U: 



tw^s^jAcy^ - 1 - c^Jl - Asl,c 



c2 ^2 ^ 



33 



35) 



(136) 



Thus, with the replacement Z ^ Z' one just replaces column 2 by 3, for 
example, trilinear coupling constants of the Z'^ with two neutral Higgs bosons 
are given in Table [TTJ 



Next, we search couplings of two neutral gauge bosons with scalar fields which 
arise in part from 
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Table 11 

Trilinear coupling constants of Z'^ with two neutral Higgs bosons. 



Vertex 



Z't^G^d^H 



Z'^^Gl^^H^ 



Z'l^G^d^Hl 



Z'^'Gsdf.Hf 



Z'l^Gid^Gi 



Z'l'Gad^.GA 



Coupling 



1^33) eg - 1/4380 



Ml 







9C( 
2 



f^33 ) Se + U4sCg 



9C( 
2 



(^t^23 + |V^t^33) C0 - UasSQ 



gcw 



i [(^13 + ^ - 51/1^^33) ce - U43se 



gc2w 



2cvy-y/4c^-l 



{^U23 + ly^^ss) + Uizce 



X? 



xF;F2 + + ^33^?/'^) + n*(^33^33^ + V^V')] , 

= J { [x?* {A^Wt,, + y^y^^) + xr K.y'^ + ^^^3.^"); 

+ [x?* {Al.^y' + ^f3.y^) + xr (^!^3"^^3. + y,y')] x 

+ [0r (<^?1, + 1/,!/") + 03 (^tl.y" + ^3^3,^/")] 01 
+ [0r Km^' + ^33m1/") + [A^tAt^, + t/^y'^)] 03+ 

+ {A>iUl2,) Xtxl + (^^1^2 J 0^0^} ■ (137) 



X^ 



Here (i = 1,2,3) is a diagonal element in the matrix ^'P^*^ which is 
dependent on the C/(l)x charge: 



^« = -»'3<'+^-|y|B^ ^5|=-W3''+^ + |y|i3'', (138) 

-»--f -I/I- 

Quartic couplings of two Z with neutral scalar fields are given by 
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Table 12 

Quartic coupling constants of ZZ with two scalar bosons. 



Vertex 


Coupling 


ZZGxGx 




) +u!2 


a' 
2^ 


ZZG2G2 


i 




- \2 2 

^32) -4: 


ZZGsG^ 


9^ 
2 


(73^22 + 1^ 


^32) 


+ C/I2 


— > 


Z ZG\G^ 






l/iC/32) ^742 


ZZHH 




^--^-1^1^32) 


/32)' + 4 (73^22 + 1^1^32)' + C/I2 


ZZHlHl 




^e{u^2 + ^-i^,l 

;^i2-^- 14^/32 


732) 

)]^ 


' + c2(-|C/22 + |y|t/32)' + ^|2 


Z ZGi^Gii 


9^ 
2 


C^(f/l2 + ^-|y|t/32 
-.2.(^/12-^-1^1 


t/32) 


(^t/22 + |V3^32; 
C/42 + t/|2l ^ 2!^ 


2 

) 


ZZHHi 


4 

-(Ul2 


^^(^- + ^-1^1^32) 
-^-171^32)' + .2. 


' + C2 (^C/22 + 1^1^/32) 
(c/12-^- 171^32)^/4. 


+ C/I2 

> ^0 


ZZHGi 


_9 




1^1^/32 


) [2c2eU42 + S2e {U12 + V3C/22) 


— > 


Z Z H1G4 


* (^--^-171^^32) 


[2c2et/42 


+ 829 {U12 + VSU22)] 



J { [x?* (^i'M^i, + j/mI/'^) + X3* {A^u.y' + Ah.y 
+ 



X? 



^ { {A'lfA^u, + y,y') xTx'i + {Ai^^Al^ + y,y^) xl*xl 



In this case, the couplings are listed in Table 



^22 ^22(1 I 02*02 



}■ 



(139) 



Trilinear couplings of the pair ZZ with one scalar field are obtained via the 
following terms: 



9_ 

4 



'S'2^22/i^22 + '^^lAiinA'^f + LOS^A^^ A'j^^ 



+ iuS, + ujS3)y^y^ - (coS, + uS3)y^A 



22/1 



(140) 
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Table 13 

Trilinear coupling constants of ZZ with one scalar bosons. 



Vertex 


Coupling 


ZZH 


9^ 
2 

—OJ 


vc^ (c/12 - ^ - f yiC/32)' - ^.c^^' (^12 + ^ - ^s^fiUs 
scce (^C/22 + iyiC/32)' - 2^s^se (c/12 - ^ - 1^1^32) 


2^ 
C 


) --|f^l2 

^ £^ 


ZZHl 


9^ 
2 


^^C {Ui2 - ^ - 1^1^/32)' + «cc., (c/12 + ^ - 1^1^/32^ 

2 

^ccc (^C/22 + 1^1^32) + 2.;ccs, (c/12 - ^ - f V3^32) 


) +-|f^l2 

C/42 ^0 


ZZGi 


4^ \se {Ui2 + VSU22) + ^^742] \Ui2 - ^ - 1^1^/32 


— > 



Table 14 

Trilinear coupling constants of ZZ' with one scalar bosons. 



Vertex 



Coupling 



ZZ'H 



SI 
2 



(^--^-f\/i^32) (c/13 - ^ - f yiC/33 



c/33 



(^C/23 + I ^§^^33) - u;|C/42C/43 - ivs^so (c/12 - ^ 



C/32 



3^/32 
C/43 



-WS^S, (C/i3-^-fA/|C/33)C/42 



2cw 



ZZ'Hf 



g_ 
2 



vsc[U^2 - ^ - f Vic/32 C/13 - ^ - f J|C/33 j +«cc., 



|Vif^32) (C/13 + ^ 



t /2i 
3 V 3' 



C/33j +WC^C0 (-^C/22 + 



iC/32 



X (^C/23 + 1^1^33) + u;|C/42C/43 + cheese (c/12 - ^ 

1' 



C/32 C/43 



+a;ccse (C/13 - ^ - f Vif^33 j C/42 



ZZ'G4 



IC/32) (C/13 + ^ 



iC/33 



IC/32) (^C/23 + |Vit^33) + COt2e C/42 



X ( C/13 - ^ - f Vi^33) + COt2e C/43 (c/12 - ^ - f Vif^32 



The obtained couplings are given in Table [T3l 



Because of (11341) . for the ZZ' couplings with scalar fields, the above manipu- 
lation is good enough. For example, Table [12] is replaced by Table [1] 



Now we turn to the interested coupling ZW^H2 arisen in part from 



+ W; [{ceA^,, - seyn Y* + {cey^ - ^^^^3) Y;] Y^] + H.c. (141) 
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Table 15 



Trilinear coupling constants of neutral gauge bosons with and the charged 
scalar boson. 



Vertex 


Coupling 




^vsw 




2yj+civ^ hc9(C/l2 + V3C/22) + C2eU42] 


Z'W+H^ 


1^0=^ [sece{U^, + V3U2S) + C2eU,s] 


ZW+G^ 


^ \-sjUi2 + (2 - 3sl)^ + f y|C/32 - S2eUi2] -^vswtw 


ZW+Gq 


b^eiUu + V^U22) + 2c20U^2] 



For our Higgs triplets, one gets 



+W;x2 [{ceA\^ - seyn xT + {cev' - seA^,^) xl* 

+ W;4>1 [{ceAt^ - sey') <Pi + {cey^ - seAt^) 03 ] } + H.c. 



(142) 



From Eq. fll42p . the trilinear couplings of the W boson with one scalar and 
one neutral gauge bosons exist in a part 



ce\^W^ + tJlBn-sey' 



+^X2 



x/3 ° ■ 3 



V3 3 V 3 



seiW^^ + VsWs^) + —y^] ] + H.c. 



(143) 



From the above equation, we get necessary nonzero couplings, which are listed 
in Table [T5l Vanishing couplings are 



V{AW+H^) = V{AW+G-^ 



0. 



(144) 



Eq. fll44p is consistent with an evaluation in Ref . [33] , where authors neglected 
the diagrams with the •yW^H^ vertex. 

From flll9p . it follows that, to get couplings of the bilepton gauge boson 
with ZH2 , one just makes in 01431) the replacement: cq —sg, sg —>■ cg. 



Finally, we can identify the scalar fields in the considered model with that in 
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Table 16 

The standard model coupling constants in the effective limit. 



Vertex 


Couphng 


Vertex 


uoupnng 


W W tin 


9^ 
2 




ie 


W W n 




W W Kjz^Z 


a^ 

2 




2 


VV VV L^wUfW 


a' 

2 


WGwGz 


a 

2 


ZZh 


a'' 


ZZhh 


a' 


ZZGzGz 


a' 


AWGw 


^vsw 


ZWGw 


— ^vswtw 


ZGzh 


9_ 

2cw 


ZGwGw 


2^(1 



the standard model as follows: 

H < — >h, G+ 



G 



Go 



Gz. 



In the effective limit c<j ^ t>, m our Higgs can be represented as 



X 



-^u + Gxo 
Gy- 

^^{u + Hl + iGz^)) 
where G3 ~ Gz', Gq ~ Gy- and 

G4 + i Gi 



I 



\ 



G\Y+ 

j^{v + h + iGz) 

m 



72 G 



(145) 



(146) 



(147) 



are the Goldstone boson of the massive gauge bosons Z', "K" and respec- 
tively. Note that identification in fll47p is possible due to the fact that both 
scalar and pseudoscalar parts of Xi are massless. In addition, the pseudoscalar 
part is decoupled from others, while its scalar part mixes in the same as in 
the gauge boson sector. 

We emphasize again, in the effective approximation, all Higgs-gauge boson 
couplings in the standard model are recovered (see Table [T6l) . In contradiction 
with the previous analysis in Ref . [19] , the condition m ~ f or introduction of 
the third triplet are not necessary. 



3. 3 Production of via WZ Fusion at LHC 



The possibility to detect the neutral Higgs boson in the minimal version at 
e"'"e~ colliders was considered in [5l] and production of the standard model- 
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like neutral Higgs boson at LHC was considered in Ref.[32]. This section is 
devoted to production of the charged H2 at the CERN LHC. 

Let us firstly discuss on the mass of this Higgs boson. Eq. flllOp gives us 
a connection between its mass and those of the singly-charged bilepton Y 
through the coefficient of Higgs self-coupling A4. Note that in the considered 
model, the neutrino Majorana masses exist only in the loop-levels. To keep 
these masses in the experimental range, the mass of Mfj± can be taken in the 
electroweak scale with A4 ~ 0.01 (see the next section). From flllOp . taking 
the lower limit for My to be 1 TeV, the mass of is in range of 200 GeV. 

Taking into account that, in the effective approximation, H2 is the bilepton, 
we get the dominant decay channels as follows 



H2 ^IVh Uda, DaUa, 

\ZW-, Z'W-, XW-, ZY-. (148) 

Assuming that masses of the exotic quarks {U,Da) are larger than M^±, we 
come to the fact that, the hadron modes are absent in decay of the charged 
Higgs boson. Due to that the Yukawa couplings of H^Pu are very small, 
the main decay modes of the are in the second line of fll48p . Note that 
the charged Higgs bosons in doublet models such as two-Higgs doublet model 
or minimal supersymmetric standard model, has both hadronic and leptonic 
modes [31]- This is a specific feature of the model under consideration. 

Because of the exotic X, Y, Z' gauge bosons are heavy, the coupling of a singly- 
charged Higgs boson (-^2') with the weak gauge bosons, H^W^Z, may domi- 
nate. Here, it is of particular importance for the electroweak symmetry break- 
ing. Its magnitude is directly related to the structure of the extended Higgs 
sector under global symmetries [52] . This coupling can appear at the tree level 
in models with scalar triplets, while it is induced at the loop level in multi 
scalar doublet models. The coupling, in our model, differs from zero at the 
tree level due to the fact that the if^f belongs to a triplet. 

Thus, for the charged Higgs boson H2, it is important to study the couplings 
given by the interaction Lagrangian 

C^nt = fzwuH^W^Z^, (149) 

where fzwH, at tree level, is given in Table [151 The same as in |33j, the 
dominant rate is due to the diagram connected with the W and Z bosons. 
Putting necessary matrix elements in Table [15] , we get 
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Table 17 

Values of F, t^, and M™±^ for given sg. 





0.08 


0.05 


0.02 


0.009 


0.005 




-0.0329698 


-0.0156778 


-0.00598729 


-0.00449063 


-0.00422721 


F 


-0.087481 


-0.0561693 


-0.022803 


-0.0102847 


-0.00571598 


MJ^|^[GeV] 


1700 


1300 


700 


420 


320 



g vujS2e 



ZWH 



s,.A/(4c^-l)(l + 4t 



Thus, the form factor, at the tree-level, is obtained by 



F = 



f. 



ZWH 



uJS2e 



w 



2Mu^ + cW){l + ^tl,)[cl + (4c2, - l)t 



291 



(150) 



The decay width of H2 W^Zi, where i = L, T represent respectively the 
longitudinal and transverse polarizations, is given by 



IGtt 



Mi. 



(151) 



where \{l,w,z) = {1-w-zf -Awz, w = M^/Ml± and z = Ml/M^^. The 
longitudinal and transverse contributions are given in terms of F by 



|2 _ y „„ ^2 I 77^12 



= f-^il - w - zY \F\\ (152) 
|MTrP = 2/w|F|2. (153) 

For the case of M^± > Mz, we have \Mtt?/\Mll? ~ 8M^M|/M^± which 

2 -"2 
implies that the decay into a longitudinally polarized weak boson pair dom- 
inates that into a transversely polarized one. The form factor F and mixing 
angle t^, are presented in Table [TTl where we have used: = 0.2312, v = 
246 GeV, u = 3 TeV (or My = ITeV) as the typical values to get five cases 
corresponding with the Sg values under the constraint fl75]) . 

Next, let us study the impact of the H^VV^Z vertex on the production cross 
section of pp — > W^*Z*X — > HfX which is a pure electroweak process with 
high pt jets going into the forward and backward directions from the decay 
of the produced scalar boson without color flow in the central region. The 
hadronic cross section for pp — >■ H^X via W^Z fusion is expressed in the 
effective vector boson approximation [53] by 
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aefr(s,M^± 



167r2 



\{l,w,z)Ml 
where r = Ml^±/s, and 



5: T{Hi ^ iy±Z,)r 



A=T,L 



dC 

dr 



(154) 



(155) 



with r' = s/s and ^ = r/r'. Here fi{x) is the parton structure function for 
the i-th quark, and 



dC 

dC 

1^ 



c 1 



qiqj/W^ZL 



647r4^ 
c 1 



In 



In 



Ml 



(2 + 0'ln(l/e) -2(1-0(3 + 



167r4^ 



[(1 + 0M1/0 + 2(^-1)] 



4 2 

where c = [gfviQj) + with giviqj), 9iA{qj) for quark are given 

W 

in Table I of Ref. [21] • Using CTEQ6L [5l|, in Fig. O we have plotted aefr(s, ± 

at = 14 TeV, as a function of the Higgs boson mass corresponding five 
cases in Table [171 
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Fig. 5. Hadronic cross section of W^Z fusion process as a function of the charged 
Higgs boson mass for five cases of sin0. Horizontal line is discovery limit (25 events) 
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Assuming discovery limit of 25 events corresponding to the horizontal line, and 
taking the integrated luminosity of 300 fb~^ |55j, from the figure, we come to 
conclusion that, for sq = 0.08 (the line on top), the charged Higgs boson H2 
with mass larger than 1700 GeV, cannot be seen at the LHC These limiting 
masses are denoted by M™±^ and listed in Table [T71 If the mass of the above 
mentioned Higgs boson is in range of 200 GeV and sq = 0.08, the cross section 
can exeed 260 fb: i.e., 78000 of can be produced at the integrated LHC 
luminosity of 300 fb~^. This production rate is about ten times larger than 
those in Ref. |33]. The cross-sections decrease rapidly as mass of the Higgs 
boson increases from 200 GeV to 400 GeV. 



3.4 Summary 

In this section we have considered the scalar sector in the economical 3-3- 
1 model. The model contains eight Goldstone bosons - the justified number 
of the massless ones eaten by the massive gauge bosons. Couplings of the 
standard model-like gauge bosons such as of the photon, the Z and the new 
Z' gauge bosons with physical Higgs ones are also given. From these couplings, 
the standard model-like Higgs boson as well as Goldstone ones are identified. 
In the effective approximation, full content of scalar sector can be recognized. 
The CP-odd part of Goldstone associated with the neutral non-Hermitian 
bilepton gauge bosons Gxo is decoupled, while its CP-even counterpart has 
the mixing by the same way in the gauge boson sector. Despite the mixing 
among the photon with the non-Hermitian neutral bilepton X° as well as 
with the Z and the Z' gauge bosons, the electromagnetic couplings remain 
unchanged. 

It is worth mentioning that, masses of all physical Higgs bosons are related 
to that of gauge bosons through the coefficients of Higgs self-interactions. 
All gauge-scalar boson couplings in the standard model are recovered. The 
coupling of the photon with the Higgs bosons are diagonal. 

It should be mentioned that in Ref. [19], to get nonzero coupling ZZh at the 
tree level, the authors suggested the following solution: (i) m ~ t> or (ii) by 
introducing the third Higgs scalar with VEV (~ v). This problem does not 
happen in our consideration. 

After all we focused attention to the singly- charged Higgs boson with mass 
proportional to the bilepton mass My through the coefficient A4. Mass of the 
is estimated in a range of 200 GeV. This boson, in difference with those 
arisen in the Higgs doublet models, does not have the hadronic and leptonic 
decay modes. The trilinear coupling ZW^H2 which differs, at the tree level, 
while the similar coupling of the photon ■jW'^H^ as expected, vanishes. In the 
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model under consideration, the charged Higgs boson with mass larger than 
1700 GeV, cannot be seen at the LHC If the mass of the above mentioned 
Higgs boson is in range of 200 GeV, however, the cross section can exceed 
260 fb: i.e., 78000 of can be produced at the LHC for the luminosity 
of 300 fb^^. By measuring this process we can obtain useful information to 
determine the structure of the Higgs sector. 



4 Fermion Masses 



We first give some comments on the charged lepton masses and set conven- 
tions. The neutrino and quark masses are correspondingly considered. 



4-1 Charged- Lepton Masses 

The charged leptons (/ = e, fi,T) gain masses via the following couplings 

>Cy = /li,V^aL0/feH + H.C. (156) 

The mass matrix is therefore followed by 



V 



( lA U U \ 

'ni "'12 'hs 

^21 ^22 ^23 

1,1 t.1 /,/ 

y '*31 ''■32 ''■33 J 



(157) 



which of course is the same as in the standard model and thus gives consistent 
masses for the charged leptons 



For the sake of simplicity, in the following, we can suppose that the Yukawa 
coupling of charged leptons /i' is flavor diagonal, thus (a = 1, 2, 3) are mass 
eigenstates respective to the mass eigenvalues nia = ~~^h^a 



aa' 



For convenience in further reading, we present the Yukawa interactions of (fTS!) 
and (fT6|) in terms by Feynman diagrams in Figures ([6]), ([7j), and ([8]), where 
the Hermitian adjoint ones are not displayed. The Higgs boson self-couplings 
are depicted in Figure 
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Fig. 6. Lepton Yukawa couplings. 




Fig. 7. Relevant lepton-number conserving quark Yukawa couplings 
4-2 Neutrino Masses 

First we present mass mechanisms for the neutrinos. Next, detailed calcula- 
tions and analysis of the neutrino mass spectrum are given. The experimental 
constraints on the coupling h" are also considered. 



4-2.1 Neutrino Mass Mechanisms 

In the considering model, the possible different mass-mechanisms for the neu- 
trinos can be summarized through the three dominant SU(3)c ® SU(3)l ® 
U(l)x-invariant effective operators as follows [56j : 
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Fig. 8. Lepton-number violating quark Yukawa couplings 



+ ► 



" + * 



X" 



Fig. 9. Higgs boson self-couplings 

o]:r=raLM. (158) 

0.7^ = (x>:l)(x>6l), (159) 

OT = {x'raMl>L<Px). (160) 

where the Hermitian adjoint operators are not displayed. It is worth noting 
that they are also all the performable operators with the mass dimension- 
ality d < Q responsible for the neutrino masses. The difference among the 
mass-mechanisms can be verified through the operators. Both fllSSp and (11601) 
conserve £, while fll59p violates this charge with two units. Since d{0^^^) = 4 
and L{(f)) = 0, (11581) provides only Dirac masses for the neutrinos which can 
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be obtained at the tree level through the Yukawa couplings in ( IT5|) . Since 
d{0^^^) = 6 and {L{x))p 7^ for p = 1, vanishes for other cases, (11601) pro- 
vides both Dirac and Majorana masses for the neutrinos through radiative 
corrections mediated by the model particles. The masses induced by fllSSp are 
given by the standard S\J{2)l ® U(l)y symmetry breaking via the VEV v. 
However, those by fll60p are obtained from both the stages of SU(3) l ® U(l)x 
breaking achieved by the VEVs u, u and v. 

Note that, the LNV interactions in flTB]) are due to quarks. Hence, they do 
not give contribution to LNV of the leptons such as of the neutrinos. Except, 
the LNV couplings of (fT6|) . all the remaining interactions of the model (lepton 
Yukawa couplings (fT5|) . Higgs self-couplings (120!) . and etc.) conserve C. This 
means that the operator (11591) of LNV cannot be mediated by particles of the 
model, in other words, it must be introduced by hands. As a fact, the econom- 
ical 3-3-1 model including the alternative versions [TT][TU] are only extensions 
beyond the standard model in the scales of orders of TeV j23|f57j . Hence, it 
is expected that the operator in (I159P has to be mediated by heavy particles 
of an underlined new physics at a scale Ai much greater than ut which have 
been followed in various of grand unified theories (GUTs) [5^58|59] . Thus, in 
this model the neutrinos can get mass from three very different sources widely 
ranging over the mass scales: u ~ 0{1) GeV, v ~ 246 GeV, uj ~ 0{1) TeV, 
and M ~ 0(10^'') GeV. 

We remind that, in the former version [TT], the authors in have consid- 
ered operators of the type (11591) . however, under a discrete symmetry [^TpU] . 
As shown in Section HI the current model is realistic, and such a discrete 
symmetry is not needed, because, as a fact that the model will fail if it is 
enforced. In addition, if such discrete symmetries are not discarded, the im- 
portant mass contributions for the neutrinos mediated by model particles are 
then suppressed; for example, in this case the remaining operators (I158p and 
(I160p will be removed. With the only operator (I159p the three active neutrinos 
will get effective zero-masses under a type II seesaw [35] (see below); however, 
this operator occupies a particular importance in this version. 

Alternatively, in such model, the authors in [22] have examined two-loop cor- 
rections to (I159p by the aid of explicit LNV Higgs self-couplings, and using 
a fine-tuning for the tree-level Dirac masses of (11580 down to current values. 
However, as mentioned, this is not the case in the considering model, because 
our Higgs potential fl20l) conserves C We know that one of the problems of 
the 3-3-1 model with RH neutrinos is associated with the Dirac mass term 
of neutrinos. In the following, we will show that, if such a fine-tuning is done 
to get small values for these terms, then the mass generation of neutrinos 
mediated by model particles is not able, or the results will be trivial. This is 
in contradiction with [29]. In the next, the large bare Dirac masses for the 
neutrinos, which are as of charged fermions of a natural result from standard 
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symmetry breaking, will be studied. 



Ji-.2.2 Neutrino Mass Matrix 

The operators O^^^, O^^^ and O^^^ (including their Hermitian adjoint) will 
provide the masses for the neutrinos: the first responsible for tree-level masses, 
the second for one-loop corrections, and the third for contributions of heavy 
particles. 

Tree-Level Dirac Masses 

From the Yukawa couplings in (fT5|) . the tree-level mass Lagrangian for the 
neutrinos is obtained by [62j 



LNC 



'^{4>l)Kb^aRVbL + H.C. = -{MD)abl'aRVbL + H.C. 
/ 



~2 ^^o-L' ^"-^^ 



{Mt,)ab 



(M 



DJab 







1 









+ H.C. 



-X£M,Xi + H.c., 



(161) 



where h'^^fj = —h^^ is due to Fermi statistics. The is the mass matrix for 
the Dirac neutrinos: 



-a-b"^ 



ab 



-M; 



D)ab 



A -c 
B C Q 



(162) 



where 



This mass matrix has been rewritten in a general basis X-[ = {uei, ^fiL, J^tL, t-'Ir, ^'jj,R, Kr) 





Md 



(163) 



The tree-level neutrino spectrum therefore consists of only Dirac fermions. 
Since /i^^ is antisymmetric in a and b, the mass matrix Md gives one neutrino 
massless and two others degenerate in mass: 0, — m^, m£,, where = 
{A'^ + B'^ + C'^Y^'^. This mass spectrum is not realistic under the data, however. 
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it will be severely changed by the quantum corrections, the most general mass 
matrix can then be written as follows 



where M^^r (vanish at the tree-level) and M^i get possible corrections. 

If such a tree-level contribution dominates the resulting mass matrix (after 
corrections), the model will provide an explanation about a large splitting 
either Am^tm > ^t^Io\ or Am^gNo > A"^atm,soi [3] (see also |29j). Hence, 
we need a fine-tuning at the tree-level [29] either m^) ~ (Am^^-j^^)^/^ (~ 5 x 
10~^ eV) or m^i ~ (AmLSNo)^''^ (~ ^V) [3]. Without loss of generality, 
assuming that h"^^ ~ /i^^ ~ h"^^ we get then h" ~ lO""*^^ (or lO""*^^). The 
coupling h" in this case is so small and therefore this fine-tuning is not natural 
[63] . Indeed, as shown below, since enter the dominant corrections from 
(11601) for Ml r, these terms Ml^r get very small values which are not large 
enough to split the degenerate neutrino masses into a realistic spectrum. (The 
largest degenerate splitting in squared-mass is still much smaller than Am^^j ~ 
8 X 10"^ eV^ |3|.) In addition, in this case, the Dirac masses get corrections 
trivially. 

The above problem can be solved just by the LNV operator (11591) : and then 
the operator (11601) obtaining the contributions from particles in the model 
is suppressed (for details, see |60j). However, we do not consider the above 
solution in this work. This implies that the tree-level Dirac mass term for the 
neutrinos by its naturalness should be treated as those as of the usual charged 
fermions resulted of the standard symmetry breaking, say, h"^ ~ h'^ (~ 10"^) 
[63] . It turns out that this term is regarded as a large bare quantity and 
unphysical. Under the interactions, they will of course change to physical 
masses. In the following we will obtain such finite renormalizations (for more 
details, see [M]) in the masses of neutrinos. 



The operator (11601) and its Hermitian adjoint arise from the radiative correc- 
tions mediated by the model particles, and give contributions to Majorana 
and Dirac mass terms Ml, Mr and Md for the neutrinos. The Yukawa cou- 
plings of the leptons in (fT5|) and the relevant Higgs self-couplings in (!20|) are 
explicitly rewritten as follows 




(164) 



One-Loop Level Dirac and Majorana masses 
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Fig. 10. The one-loop corrections for the mass matrix M^. 
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Fig. 11. The one- loop corrections for the mass matrix Mr. 



+H.C., (165) 
+A40r0^X?*X? + A403 </)^X3*X3 + A403 0^X?*X3 + A40r03 X3*X?- (166) 



The one- loop corrections to the mass matrices of u^, Mr of ur and M^, 
of u are therefore given in Figs. ffTOl) . ffTTj) and f|T2l) . respectively. 

Radiative Corrections to and Mr 



With the Feynman rules at hand [62], Ml is obtained by 
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Fig. 12. The one-loop corrections for the mass matrix Md- 



"ac" I-' I 'I ^2 \ "'"cd /7T 
— \ a/2 



cd /K^R ] 2 2 



ULO 



+ 



9 9 

— 



'''hdc~7^fR I 2 2 



iAd— . 



(167) 



Because the Yukawa couplings of the charged leptons are flavor diagonal, the 
equation fll67p becomes 



L ab - 



mil {ml, ml^,mlJ - mil {ml, m\,m\^^ 



{a, b not summed), 



(168) 



where the integral I{a, b, c) is given in Appendix | 



In the effective approximation (1171) . identifications are given by 0f ~ 
and (pf ~ [22], where and as above mentioned, are the charged 
bilepton Higgs boson and the Goldstone boson associated with boson, 
respectively. For the masses, we have also 
Using fIB.Sp . the integrals are given by 



~ mtr„ I— 4ft^^) and m'i ~ 0. 



4. 



7-/ 2 2 2 \ 



167r2 — 



m 



H2 



In^ 



mf, — m 



Hi 



m 



H2 



a = 6,^69) 



Consequently, the mass matrix fll68p becomes 
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\/2\is^ULjjh 



L ab ■ 



mrm 



H2 



[nit 



m 



H2 



mt 



{ml - 



) (m^ — m 



In 



mt 



H2) 



m 



m„ 



H2 



1 + ln 



mt 



m 



H2. 



H2> 



mlmjj^ 



— m> 1 + In 



mt 



m 



In 



mt 



H2^ 



m 



H2 



(170) 



where the last approximation (11701) is kept in the orders up to 0[{ml f^/ mj^^Y]. 
Since m^^ — ^^'^^ is worth noting that the resulting is not explicitly 
dependent on A4, however, proportional to te = u/u (the mixing angle between 
the W boson and the singly- charged bilepton gauge boson Y [2T]), ^J2vhy^^ (the 
tree-level Dirac mass term of neutrinos), and mj^j in the logarithm scale. Here 
the VEV V ~ t'weak, and the charged-lepton masses m^ (a = e, /i, r) have 
the well-known values. Let us note that M^, is symmetric and has vanishing 
diagonal elements. 

For the corrections to M^, it is easily to check that the relationship {M^^b = 
— {ML)ab is exact at the one-loop level. (This result can be derived from Fig. 
(1111) in a general case without imposing any additional condition on h'-, , 
and further.) Combining this result with (11701) . the mass matrices are explicitly 
rewritten as follows 




It can be checked that /, r, t are much smaller than those of M^). To see this, 
we can take m^ ~ 0.51099 MeV, m^ ~ 105.65835 MeV, m^ ~ 1777 MeV, 
V ~ 246 GeV, u ~ 2.46 GeV, oj ~ 3000 GeV, and m^^, ~ 700 GeV (A4 ~ 0.11) 
j, which give us then 
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/ ~ [v^vh"^^) (3. 18 X 10-^^) , r ^ [V2vh''^^) (5.93 x 10"^) , 

t~ {V2vh''^^) (5.90 X 10"^) , (173) 

where the second factors rescale neghgibly with u; ~ 1 — 10 TeV and ^ 
200 - 2000 GeV. This thus imphes that 

\Ml,r\/\Md\ ~ 10-^ (174) 

which can be checked with the help of \M\ = [M"^ M)^^"^ . In other words, the 
constraint is given as follows 

\Ml,r\ < \Md\. (175) 



With the above results at hand, we can then get the masses by studying 
diagonalization of the mass matrix 01641) . in which, the submatrices and 
Md satisfying the constraint fll75p . are given by (I17ip and (11621) . respectively. 
In calculation, let us note that, since Mj) has one vanishing eigenvalue, does 
not possess the pseudo-Dirac property in all three generations [65], however, is 
very close to those because the remaining eigenvalues do. As a fact, we will see 
that My contains a combined framework of the seesaw [35j and the pseudo- 
Dirac [66]. To get mass, we can suppose that is real, and therefore the 
matrix iM^j is Hermitian: {iMj:,)'^ = iM^ (I162p . The Hermitianity for M^ ^^ 
is also followed by (I17ip . Because the dominant matrix is (I175p . we first 
diagonalize it by biunitary transformation 



l^aR = l^iR{-iU)la, l^bL = Ubjl^jL, (z,j = 1,2,3), (176) 

Mdiag = diag(0, -rriD, m^) = {-iU)^MdU, mo = VA^ + + C%177) 
where the matrix U is easily obtained by 



^ CJ2{A^ + C2) iBC - ArriD EC - iAmo ^ 



mDJ2{A^ + C^) 



bJ2{A^ + C2) i{A^ + C^) {A^ + C^) (] 7.8 



y A^2(A2 + C2) iAB + CrriD AB + iCniD j 



Resulted by the ant i- Hermitianity of M^), it is worth noting that My in the 
case of vanishing (11631) is indeed diagonalized by the following unitary 

transformation: 



^ = ^ • (179) 
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A new basis (i/i, 1/2, t'e)! = ^^-^lj which is different from {i^jL,^iR)'^ of 
(11761) . is therefore performed. The neutrino mass matrix fll64p in this basis 
becomes 



e — Mdiag 
e = U^MLU, e^ = e, 



V 



(180) 
(181) 



where the elements of e are obtained by 



en = £22 = £33 = 0, (182 
eu=iel3 = {[ABniD + iC{A^ - + C^)]/ + [{C^ - A^)mD + 2iABC]r 



183) 



+ [iA{A^ - + C^] 
£23 = {(^' + C^) [{CmD - iAB)t - {AniD + iBC)f] 

B{A^ - C^)mD + iAC{A^ + 25^ + C^)] r] [ml{A^ + C^)\'llM) 



Let us remind the reader that (I182p is exactly given at the one-loop level Ml 
(11681) without imposing any approximation on this mass matrix. Interchanging 
the positions of component fields in the basis (1/1,1/2,..., i/e)! ^y a permutation 
transformation = P23P34,, that is, z/p (P"'')pgZ/q (p, g = 1, 2, 6) with 



^1 0^ 
10 
10 
10 
10 

yo ly 



;i85) 



the mass matrix (I180p can be rewritten as follows 
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P\V^M^V)P- 















ei2 


ei3 ^ 








ei2 


ei3 











£21 


-rriD 








£23 





£31 







£32 





£21 








^23 


rriD 










£32 








-rriD J 



(186) 



It is worth noting that in (11861) all the off-diagonal components |e| are much 
smaller than the eigenvalues | ± m/?! due to the condition (11751) . The degen- 
erate eigenvalues 0, —mu and +m£, (each twice) are now splitting into three 
pairs with six different values, two light and four heavy. The two neutrinos 
of first pair resulted by the splitting have very small masses as a result of 
exactly what a seesaw does [35], that is, the off-diagonal block contributions 
to these masses are suppressed by the large pseudo-Dirac masses of the lower- 
right block. The suppression in this case is different from the usual ones [35] 
because it needs only the pseudo-Dirac particles [66| with the masses rriD of 
the electroweak scale instead of extremely heavy RH Majorana fields, and 
that the Dirac masses in those mechanisms are now played by loop-induced 
f,r,t (I172p as a result of the SLB u/u. Therefore, the mass matrix (11861) is 
effectively decomposed into Mg for the first pair of light neutrinos (z/g) and 
Mp for the last two pairs of heavy pseudo-Dirac neutrinos (z^p): 



(z/i, Z/4, Z/2, Z/3, 1/5, (z/g, Z/p)^ = V^giui, U^, V2, ^^3, ^^5, 

V^^{P^V^M,VP)V,^ = diag (Ms, Mp) , 



(187) 



where Vefr, Ms and Mp get the approximations: 





1 I s\ 


f 






h 








yei2 ei3 






^ 621^ 


/ 




-£ 


631 




Ms~- 


, Mp ~ 






621 








^631 ) 


V 



= 13 



-mo e23 

niD €32 

€23 mo 

\ €32 -rriD J 



-mo €23 

rriD 632 
€23 mo 







(188) 



-niD J 
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The mass matrices Ms and Mp, respectively, give exact eigenvalues as follows 



2Im(ei3ei3e32) 



D 



^2 
^23 



±2Im 



/ ei3£l3£32 \ 



m 



D 



mp± = -rriD ±\e23\, mp/± = m^, ± |e23| 



(189) 
(190) 



± 



K = 



^23 

I £23 1 



exp(iarg 623) 



(191) 



In this case, the mixing matrices are collected into (z/s±, i^p±, '^p'±)'l = ^±(^^8; '^p)!; 
where the V± is obtained by 

'^l -1 ^ 
1 1 
1 K -K 
^2 11 
k 

Vo 1 1 y 

It is to be noted that the degeneration in the Dirac one | ±m£)| is now splitting 
severally. 

From (11901) we see that the four large pseudo-Dirac masses for the neutrinos are 
almost degenerate. In addition, the resulting spectrum (11891) . (11901) yields two 
largest squared-mass splittings, respectively, proportional to ml and 4m£)|e23|. 
From (I184p and (11731) . we can evaluate |e23| — 3.95 x 10^^ 1710 ^ mo (where 
A B C itid / ^/s IS uudcrstood) . Because the splitting 4m£)|e23| is 
still much smaller than Amg^i, this therefore implies that the fine-tuning, as 
mentioned, is not realistic. (In detail, in Table [T8l we give the numerical values 
of these fine-tunings, where the parameters are given as before (11731) .) 

Table 18 

The values for /i^ and two largest splittings in squared-mass. 



Fine-tuning 




ml (eV^) 


4mi5|e23 (eV^) 


ml ~ Aml^^ 


8.30 X 10-1'' 


2.50 X 10-3 


3.95 X 10"" 


ml ~ Am^gj^p 


1.66 X 10'^^ 


1.00 


1.58 X IQ-s 



Similarly, for the two small masses, we can also evaluate |ms±| — 4.29 x 
10-^^ rriD. This shows that the masses ms± are very much smaller than the 
splitting I €23]. This also implies that the two light neutrinos in this case are 
hidden for any niD value of pseudo-Dirac neutrinos. Let us see the sources of 
the problem why these masses are so small: (i) Vanishing of all the elements of 
left-upper block of (I186P : (ii) In (I189P the resulting masses are proportional to 
\e\^/ml, but not to \e\^/mD as expected from (11860 . It turns out that this is 
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due to the antisymmetric of h'^^ enforcing on the tree-level Dirac-mass matrix 
and the degenerate of M/j = —Mi of the one-loop level left-handed (LH) and 
RH Majorana-mass matrices. It can be easily checked that such degeneration 
in Majorana masses remains up to higher-order radiative corrections as a result 
of treating the LH and RH neutrinos in the same gauge triplets with the model 
Higgs content. For example, by the aid of fll60p the degeneration retains up 
to any higher-order loop. 

Radiative Corrections to M^i 

As mentioned, the mass matrix requires the one-loop corrections as given 
in Fig. [121 and the contributions are easily obtained as follows 




+ 



A3(u^ + cj^) + X^uj'^ m^J(m^, m^^)^ , (a, b not sumi^ifeH)) 



where I{a,b) is given in (IB.lSp . With the help of (]B.14p . the approximation 
for (1193P is obtained by 



ab 



8V2' 



+ 



m 



H2 



-V2h 



A4 



u 



1 + -T + 



A 



m 



. (194) 



Because of the constraint ( |T7I) the higher-order corrections 0{- ■ ■) can be 
neglected, thus Mjf^ is rewritten as follows 



rad\ 
D Jab 



ab 



(1 + 5a) , Sa 



A4 
A3, 



u 



mt 



UJ 



2 ~'~ ^2 



m 



H2, 



(195) 

where Sa is of course an infinitesimal coefficient, i.e., \6\ <^ 1. Again, this 
implies also that if the fine-tuning is done the resulting Dirac-mass matrix 
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get trivially. It is due to the fact that the contribution of the term associated 
with 5a in (11951) is then very small and neglected, the remaining term gives an 
antisymmetric resulting Dirac-mass matrix, that is therefore unrealistic under 
the data. 



With this result, it is worth noting that the scale 



(196) 



of the radiative Dirac masses (I195P is in the orders of the scale v of the tree- 
level Dirac masses (11621) . Indeed, if one puts |(A3Ci;^)/(167r^f )| = v and takes 
I A3I ~ 0.1 — 1, then ~ 3 — 10 TeV as expected in the constraints [23|f57j . The 
resulting Dirac-mass matrix which is combined of (I162p and (11951) therefore 
gets two typical examples of the bounds: (i) (A3a;^)/(167r^t>) + f ~ 0{y)] (ii) 
[X^uj"^) / {IQti'^v) + f ~ C'(O). The first case (i) yields that the status on the 
masses of neutrinos as given above is remained unchanged and therefore is 
also trivial as mentioned. In the last case (ii), the combination of (I162p and 
([USD gives 

{Mn)ab = V2K,{v6a). (197) 
It is interesting that in this case the scale v for the Dirac masses (11621) gets 
naturally a large reduction, and we argue that this is not a fine-tuning. Because 
the large radiative mass term in (11950 is canceled by the tree-level Dirac 
masses, we mean this as a finite renormalization in the masses of neutrinos. 
It is also noteworthy that, unlike the case of the tree-level mass term (I162p . 
the mass matrix (11971) is now nonantisymmetric in a and h. Among the three 
eigenvalues of this matrix, we can check that one vanishes (since det M£, = 0) 
and two others massive are now nondegenerate (splitting). Let us recall that in 
the first case (i) the degeneration of the two nonzero-eigenvalues are, however, 
retained because the combination of (I162p and (11950 is proportional to h'^^v. 

In contrast to (I174p . in this case there is no large hierarchy between Ml^h and 
Md. To see this explicitly, let us take the values of the parameters as given 
before (I173p . thus A3 ^ —1.06 and the coefficients 6a are evaluated by 

Se ~ 6.03 X 10~^ ~ 6.23 x 10~^ ~ 6.28 x 10^^ (198) 

Hence, we get 

\Ml,r\/\Md\ ~ 10^2 - 10~'\ (199) 
With the values given in (11981) . the quantities h'^ and m£, can be evaluated 
through the mass term (11970 : the neutrino data imply that h" and rriD are in 
the orders of h'^ and nif. - the Yukawa coupling and mass of electron, respec- 
tively. 

Because of the condition (11990 and the vanishing of one eigenvalue of M^), 
we can repeat the procedure as given above to diagonalize the full matrix My 
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with Mo given by fll97p and Ml^r by (11711) : First we can easily find a mixing 
matrix V as in (11791) : Second in the new basis we obtain the seesaw form as 
in (11861) : Finally the resulting mixing matrix and masses for the neutrinos 
are derived. It is worth checking that the two largest squared-mass splittings 
as given before can be approximately applied on this case of (I199p . such as 
(m£)|5|)^ and 4(m£)|5|)|e|, and seeing that they fit naturally the data. 

Mass Contributions from Heavy Particles 

There remain now two questions not yet answered: (i) The degeneration of 
Mr = —Ml] (ii) The hierarchy of Ml,r and Md (I199P can be continuously 
reduced? As mentioned, we will prove that the new physics gives us the solu- 
tion. 

The mass Lagrangian for the neutrinos given by the operator (11591) can be 
explicitly written as follows 



c. 




H.C. 

VV2 V2 7 VV2 ' V2 "7 

= -lx£Mr"Xz. + H.c., (200) 
where the mass matrix for the neutrinos is obtained by 



/ 2 

/ «_ m£ 1/ 



(201) 



in which, the coupling s'^^, is symmetric in a and b. For convenience in reading, 
let us define the submatrices of fl20TD to be M£^™, M^^"^ and M^"™ similar 
to that of (11641) . Because of the condition ^ uu ^ u"^, the corresponding 
submatrices M£^", Mg'^" and Mf^"^ of fl20T|) get the right hierarchies and the 
two questions as mentioned are solved simultaneously. 

Intriguing comparisons between s'^ and h" are given in order 

(1) h'^ conserves the lepton number; s'^ violates this charge. 

(2) h'^ is antisymmetric and enforcing on the Dirac-mass matrix; s'^ is sym- 
metric and breaks this property. 

(3) h'^ preserves the degeneration of Mr = —M^; s^ breaks the Mr = —M^. 

(4) A pair of {s", h^) in the lepton sector will complete the rule played by 
the quark couplings {s^,h'^) (see below). 

(5) defines the interactions in the standard model scale f ; s" gives those 
in the GUT scale M. 
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Let us now take the values X ~ 10^^ GeV, uj ~ 3000 GeV, m ~ 2.46 GeV and 
~ 0{1) (perhaps smaller), the submatrices M^*^™ ~ —6.05 x 10~^s'' eV and 
jl^new ^ — 7.38x 10~^s'^ eV can give contributions (to the diagonal components 
of Ml and M^), respectively) but very small. It is noteworthy that the last 
one ~ -O.gs*" eV can dominate Mr. 

To summarize, in this model the neutrino mass matrix is combined by M,^ + 
j^new -yyj^gj-g tj^e first term is defined by 01641) . and the last term by fl20ip : the 
submatrices of M^ are given in (11711) and (I197p . respectively. Dependence on 
the strength of the new physics coupling , the submatrices of the last term, 
M£^"" and M]^*^™, are included or removed. 



4-2.3 Some Remarks from Experimental Constraints 

Conventional neutrino oscillations are insensitive to the absolute scale of neu- 
trino masses. Although the latter will be tested directly in high sensitivity 
tritium beta decay studies and neutrinoless double beta decay (Oi//5/3) as well 
as by its effects on the cosmic microwave background and the large scale struc- 
ture of the Universe [HZl- With the present of sterile neutrinos in this model, 
the experimental constraints on their masses may be also important and give 
us bounds on several parameters such as the coupling and Sa- 
il the Liquid Scintillator Neutrino Detector experiment is confirmed, the sterile- 
neutrino masses will get some values in range of eV. In this case the coupling 
is also in orders of h*^- The X-ray measurements yield an upper limit of 
sterile neutrino mass [68| < 6.3 keV. For all the other cosmological con- 
straints, the sterile neutrino masses are in the range [69j 2 keV < < 8 keV. 
In such cases the coupling h'' will get bounds in orders of /i'^'^. 

It is well-known that the radiative mass generation can also induce the large 
lepton flavor violating processes such as — 67 as the similar one- loop effect. 
The possible one-loop diagrams for this process are depicted in Fig. ([T3|) . 
Suppose that my,m^2 ^ — q'^v'^I'^ i21j we get the approximation [70] 

Br(M - e-<) . J'^-f-'^ |ff {h-icf (202) 

Since Br(/i 67) < 1.2 x 10-^\ a = 1/128 and = 0.2312 [3], the coupling 
h'^ is bounded by h'-' < 3.47 x 10"^, where h'-' = h'^^ = h'^^ set is understood. 
Our above result, h'^ ~ h"^, satisfies this constraint. It can be shown that the 
value for also satisfies constraints from such processes as /x — 3e and fie 
conversion (for more details, see [7T]). 



66 



e 



e 





e 
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Fig. 13. One-loop contributions to the lepton flavor violating decay ^ — > 67. 
4-3 Quark Masses 

First we present the general quark mass spectrum. Some details on the one- 
loop quark masses are given then. 

4-3.1 Quark Mass Spectra 

Note that in Ref . [20] , the authors have considered the fermion mass spectrum 
under the Z2 discrete symmetry which discards the LNV interactions. Here the 
couplings of Eq. f|T6l) in such case are forbidden. Then it can be checked that 
some quarks remain massless up to two-loop level. To solve the mass problem 
of the quarks, the authors in Ref. [20] have shown that one third scalar triplet 
has to be added to the resulting model. In the following we show that it is not 
necessary. The Z2 is not introduced and thus the third one is not required. 
The LNV Yukawa couplings are vital for the economical 3-3-1 model. 

The Yukawa couplings in (fT5|) and (fT6|) give the mass Lagrangian for the up- 
quarks (quark sector with electric charge gup = 2/3) 



up 



mass 



72 



UaR 




(203) 
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Consequently, we obtain the mass matrix for the up-quarks {ui,U2,U3,U) as 
follows 



M, 



up 



1 

V2 



h'2^v h22'^ h2^v S2V 



^31^ ^32"^ ^33^ ■^gf 



(204) 



Because the first and the last rows of the matrix (12041) are proportional, the 
tree level up-quark spectrum contains a massless one! 



Similarly, for the down-quarks (gdown 
Lagrangian 



-1/3), we get the following mass 



^down = ^ {do^LU + D^LU:) DpR + ^ (d^LU + D^LUj) daR 

+^diL {h%R + + H.c. (205) 



Hence we get mass matrix for the down-quarks (rfi, 62-, d^, D2, -D3) 



down 



1 

V2 



( 



hfv h2V hfv 



-.D 



SoV SnV 



S21U s 



'23 



22' 



''23' 



S^^U S -^iyU SqqW hr^iyU h'^r^U 



'32' 



'33' 



''32' 



'33' 



(206) 



S21UJ 822^ '^23'^ ^22^ ^23^ 



S33C1; /if^o; hf^uj 



We see that the second and fourth rows of matrix in (I206P are proportional, 
while the third and the last are the same. Hence, in this case there are two 
massless eigenstates. 

The masslessness of the tree level quarks in both the sectors calls radiative 
corrections (the so-called mass problem of quarks). These corrections start at 
the one-loop level. The diagrams in the figure ( IT^ contribute the up-quark 
spectrum while the figure (fTSjl gives the down-quarks. Let us note the reader 
that the quarks also get some one-loop contributions in the case of the Z2 
symmetry enforcing [20]. The careful study of this radiative mechanism shows 
that the one- loop quark spectrum is consistent. 
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XgAg Xh,4>h 'X.g Xh 



X Xe XXe 

(a) (b) 

Xg Xh XgAg XhAh 

X, X X, X 



\Xd ^/ \(Pd 

D 

/5a 



Ur ; Ur QIl Ur g„fei ; DpR sj^ Ql^ 

X Xe X Xe 

(c) (d) 

Xg (t}h (f>g Xh 

X, X X, X 



U 



R K^ Qm ; DfjR h^p Q^aL UiR Sf 1 Ur Q^aL 

X Xe X Xe 

(e) (f) 

(t>g Xh Xg (j)h 

XX XX 



Ur Q\l ; Ur 4 Q^aL Ur Q^^bL ; DpR h^^ Q^^L 

X Xe X Xe 

(g) (h) 
+ 16 graphs with smaller contributions 

Fig. 14. One- loop contributions to the up-quark mass matrix (j204p . 
4-3.2 Typical Examples of the One-Loop Corrections 

To provide the quarks masses, in the following we can suppose that the Yukawa 
couplings are flavor diagonal. Then the U2 and states are mass eigenstates 
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Xg Xh XgA Xh,4> 



d^R QabL ; Df3R hi^^ Q^cL d^R hf Q^l ; ^-y Qi'^l 

X Xe X Xe 



a 



(b) 



XgAg XhAh Xg Xh 



-^4,2,3 ~-v . A/"*'' ^1 



J. A- ^4,2,3 -y . 



■/3a 



DSR sf ; Ur Q^ei D^r h^gQcbL ; QycL 

X Xe X Xe 

(c) (d) 

4>g Xh Xg 4>h 

X, X X, >c 



d^R si, Q^bL ; DpR d,R hf Q\l ; f/fl QIl 

X Xe X Xe 

(e) (f) 

Xg (j)h (f^g Xh 

XX XX 



A4 

\ Xd 



/3q 



^57? ; Ur QIl Dsr h^sQcbL ; DpR Ql^ 

>^ Xe ^ Xe 

(g) (h) 
+ 16 graphs with smaller contributions 



Fig. 15. One-loop contributions to the down-quark mass matrix (12060 . 



corresponding to the mass eigenvalues: 



m, = ms = hl^^. (207) 
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The Ml state mixes with the exotic U in terms of one sub-matrix of the mass 
matrix (|203|) 

1 ( s> h^u\ 
MuU = -^\ ' \- (208) 

This matrix contains one massless quark ~ Ui, uii = 0, and the remaining 
exotic quark ~ U with the mass of the scale uj. 

Similarly, for the down-quarks, the di state is a mass eigenstate corresponding 
to the eigenvalue: 

m[ = -K^. (209) 

The pairs (^2, D2) and (^3, D^) are decouple, while the quarks of each pair 
mix via the mass sub-matrices, respectively. 



Md^D2 — ^ 



1 



S22U ^22^ 



Md^Ds — ^ 



1 / hgu 



V2 



■^33^ ^33^ 



(210) 
(211) 



These matrices contain the massless quarks ~ d2 and corresponding to 
777.2 — m'g = 0, and two exotic quarks ~ D2 and with the masses of 
the scale uj. 

With the help of the constraint (ITTll . we identify 7771, 7772 and 7773 respective to 
those of the mi = m, 772 = c and = t quarks. The down quarks di, d2 and 
d^ are therefore corresponding to d, s and b quarks. Unlike the usual 3-3-1 
model with right-handed neutrinos, where the third family of quarks should 
be discriminating [15], in the model under consideration the first family has 
to be different from the two others. 



The mass matrices f l208p . (12101) and (121 ip remain the tree level properties for 
the quark spectra - one massless in the up-quark sector and two in the down- 
quarks. From these matrices, it is easily to verify that the conditions in (ITTI) 
and (fTOll are satisfied. First, we consider radiative corrections to the up-quark 
masses. 



Up Quarks 



In the previous studies [201139] . the LNV interactions have often been excluded, 
commonly by the adoption of an appropriate discrete symmetry. Let us remind 
that there is no reason within the 3-3-1 model to ignore such interactions. The 
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X 



Fig. 16. One-loop contribution under Z2 to the up-quark mass matrix (|212p 



experimental limits on processes which do not conserve total lepton numbers, 
such as neutrinoless double beta decay [72], require them to be small. 

If the Yukawa Lagrangian is restricted to >Clnc [20], then the mass matrix 
( 12081) becomes 



1 

71 



/l^M^ 



h^u 



(212) 



In this case, only the element {Muu)i2 gets an one- loop correction defined by 
the figure (1T6|1 . Other elements remain unchanged under this one-loop effect. 



The Feynman rules gives us 



uJuPr 



(2vr) 



-iMuPl, 



-1 



^^3 



-(z4Ai 



uuo 



ih^PR) 



Thus, we get 



j4 2 

{M^u)i2 = -2iuu\,Mu{h^f ' ^ ^ 



(27r)4 (p2 _ M2)2(p2 _ M2J(p2 _ M2J 



-2ma;AiMc/(/i^)2j(M2, M^3, ). (213) 



The integral I {a, b, c) with a, 6 ^ c is given in the [Bl Following Ref. [22], we 
conclude that in an effective approximation, M^, M^^ ^ Hence we have 
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Ai 



\x? 



Fig. 17. One-loop contribution to the up-quark mass matrix (I208p 



Ujl2 



\iteMfj 
47r2 



The resulting mass matrix is given by 



(214) 



Muu = ^ 



1 

^72 



Qh^u + R 
/i^cj 



(215) 



We see that one quark remains massless as the case of the tree level spectrum. 
This result keeps up to two-loop level, and can be applied to the down-quark 
sector as well as in the cases of non-diagonal Yukawa couplings. Therefore, 
under the Z2, it is not able to provide consistent masses for the quarks. 

If the full Yukawa Lagrangian is used, the LNV couplings must be enough 
small in comparison with the usual couplings [see ( |T9|) ]. Combining ( |T7I) and 
(flQl) we have 

h^uo > h^u, s\uj > s>. (216) 

In this case, the element {Muu)ii of (1208^ gets the radiative correction depicted 
in Fig. (JT7l) . The resulting mass matrix is obtained by 



1 / sl{u + A) h^u 



u 



V2 



siuo 



(217) 



UJ 



In contradiction with the first case, the mass of u quark is now non-zero and 
given by 



rriu 



V2hu 



(218) 



Let us note that the matrix (I217P gives an eigenvalue in the scale of ■:^h!^< 



Ul 



which can be identified with that of the exotic quark U. In effective approxi- 
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mation [22], the mass for the Higgs xs is defined by M^^ ^ 2Aia;^. Hereafter, 
for the parameters, we use the following values Ai = 2.0, to = 0.08 as men- 
tioned, and u = 10 TeV. The mass value for the u quark is as function of s" 
and . Some values of the pair (s", h^) which give consistent masses for the 
u quark is listed in Table [191 
Table 19 

Mass for the u quark as function of {sf, hF). 





2 


1.5 


1 


0.5 


0.1 




0.0002 


0.0003 


0.0004 


0.001 


0.01 


ruu [MeV] 


2.207 


2.565 


2.246 


2.375 


2.025 



Note that the mass values in the Table [19] for the u quark are in good consis- 
tence with the data given in Ref. [3]: G 1.5 ^ 4 MeV. 

Down Quarks 

For the down quarks, the constraint, 

> > SLW, (219) 

should be applied. In this case, three elements (Md^x)^)ii, (Md^x)^)i2 and 
{MdaDa)2i will get radiative corrections. The relevant diagrams are depicted 
in figure f[TSl) . It is worth noting that diagram [TSlfc) exists even in the case of 
the Z2 symmetry. The contributions are given by 



(M,„dJii = -^^R{Md:), (220) 



aa 



^-^R'{MdJ, (221) 

iM,^Dji2 = -^R{MDj. (222) 

We see that two last terms are much larger than the first one. This is respon- 
sible for the masses of the quarks ^2 and ^3. At the one-loop level, the mass 
matrix for the down-quarks is given by 




M,^n. = -—\ - ■ - |. (223) 

si^uj + R' h^^uj 
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X, 



X 



UJ 



daR S^Q, DaL D^R h^^ daL 



UJ 



daR S^Q, DaL DaR DaL 

(b) 



X. 



X 



xl 



xV" 



\x\ 



UJ 



DaR haa ^aL 



DaR h^a 



(c) 



Fig. 18. One-loop contributions to the down-quark mass matrix (j210|) or (1211j) . 
We remind the reader that a matrix (see also [64J) 

/ 

(224) 




with D ^ b,c^ a has two eigenvalues 



Xi 
X2^D 



2 2bca b^c^ - (62 + c^)a^ 
a H 



D 



1/2 



(225) 



Therefore the mass matrix in ( 1223P gives an eigenvalue in the scale of -D = 
-^h^^uj which is of the exotic quark D'^. Here we have another eigenvalue for 
the mass of d' 



haaU + R 



1/2 



UJ 



{h^a 



si^uj + B!f + (Cm + R) 



(226) 
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Let us remember that M^^ ^ 2Aia;^, and the parameters Ai = 2.0, tg = 0.08 
and a; = 10 TeV as given above are used in this case. The m^^ is function of 
and h^^. We take the value h^^ = 2.0 for both the sectors, a = 2 and 
a = 3. If = 0.015 we get then the mass of the so-called s quark 

rus = 99.3 MeV. (227) 

For the down quark of the third family, we put S33 = 0.7. Then, the mass of 
the 6 quark is obtained by 

rrib = 4.4 GeV. (228) 

We emphasize again that Eqs. (12271) and (12281) are in good consistence with 
the data given in Ref. [3]: ~ 95 ±25 MeV and nib ~ 4.70 ± 0.07 GeV. 

4-4 Summary 

The basic motivation of this section is to present the answer to one of the 
most crucial questions: whether within the framework of the model based on 
SU(3)c ® SU(3)i ® U(l)x gauge group contained minimal Higgs sector with 
right-handed neutrinos, all fermions including quarks and neutrinos can gain 
the consistent masses. 

In this model, the masses of neutrinos are given by three different sources 
widely ranging over the mass scales including the GUT's and the small VEV 
u of spontaneous lepton breaking. At the tree-level, there are three Dirac 
neutrinos: one massless and two degenerate with the masses in the order of 
the electron mass. At the one-loop level, a possible framework for the finite 
renormalization of the neutrino masses is obtained. The Dirac masses obtain 
a large reduction, the Majorana mass types get degenerate in Mr = —Ml, all 
these masses are in the bound of the data. It is emphasized that the above de- 
generation is a consequence of the fact that the left-handed and right-handed 
neutrinos in this model are in the same gauge triplets. The new physics includ- 
ing the 3-3-1 model are strongly signified. The degenerations and hierarchies 
among the mass types are completely removed by heavy particles. 

The resulting mass matrix for the neutrinos consists of two parts Mj, + M"''^: 
the first is mediated by the model particles, and the last is due to the new 
physics. Upon the contributions of M°'^™, the different realistic mass textures 
can be produced. For example, neglecting the last term, the pseudo-Dirac 
patterns can be obtained. In another scenario, that the bare coupling h'^ of 
Dirac masses get higher values, for example, in orders of /i'^'^, the VEV u 
can be picked up to an enough large value (~ 0(10'' — 10^) TeV) so that the 
type II seesaw spectrum is obtained. Such features deserve further study. We 
have also shown that the lepton flavor violating processes such as — > 67, 
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/i — s> 3e and /ie conversion get the consistent values in the bounds of the 
current experiments. 

In the first section we have shown that, in the considered model, there are 
three quite different scales of vacuum expectation values: ~ (9(1) TeV, v ~ 
246 GeV and m ~ (9(1) GeV. In this section we have added a new character- 
istic property, namely, there are two types of Yukawa couplings with different 
strengths: the LNC coupling /I's and the LNV ones s's satisfying the condition: 
s <^ h. With the help of these key properties, the mass spectrum of quarks is 
consistent without introducing the third scalar triplet. With the given set of 
parameters, the numerical evaluation shows that in this model, masses of the 
exotic quarks also have different scales, namely, the U exotic quark {qu = 2/3) 
gains mass mu ^ 700 GeV, while the Da exotic quarks (g^j^ = —1/3) have 
masses in the TeV scale: ^ 10 ^ 80 TeV. 

Let us summarize our results: 

(1) At the tree level 

(a) All charged leptons gain masses similar to that in the standard model. 

(b) One neutrino is massless and other two are degenerate in masses. 

(c) Three quarks Ui,d2,d^ are massless. 

(d) All exotic quarks gain masses proportional to - the VEV of the 
first step of symmetry breaking. 

(2) At the one-loop level 

(a) All above-mentioned fermions gain masses. 

(b) The light-quarks gain masses proportional to m - the LNV parameter. 

(c) The exotic quark masses are separated: mu 700GeV, mo^ ^ 10 -h 
80TeV. 

(d) There exist two types of Yukawa couplings: the LNC and LNV with 
quite different strengths. 

With the positive answer, the economical version becomes one of the very 
attractive models beyond the standard model. 



5 Conclusion 

Finally, this is the time to mention some developments of the model as reported 
on this work |19|20II21II22|23II24II25] . The idea to give VEVs at the top and 
bottom elements of x triplet was given in [T^]. Some consequences such as the 
atomic parity violation, Z — Z' mixing angle and Z' mass were studied [20j. 
However, in the above-mentioned works, the W — Y and W4 — Z — Z' mixings 
were excluded. To solve the difficulties such as the standard model coupling 
ZZh or quark masses, the third scalar triplet was introduced. Thus, the scalar 
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sector was no longer minimal and the economical in this sense was unrealistic! 

In the beginning of the last year, there was a new step in development of the 
model. In Ref [2T] , the correct identification of non-Hermitian bilepton gauge 
boson X° was established. The W — Y mixing as well as W4, Z, Z' one were 
also entered into couplings among fermions and gauge bosons. The lepton- 
number violating interactions exist in both charged and neutral gauge boson 
sectors. However, the lepton-number violation happens only in the neutrino 
and exotic quarks sectors, but not in the charged lepton sector. The scalar 
sector was studied in Ref. [22] and all gauge-Higgs couplings were presented 
and all similar ones in the standard model were recovered. The Higgs sector 
contains eight Goldstone bosons - the needed number for massive gauge ones of 
the model. Interesting to note that, the CP-odd part of Goldstone associated 
with the neutral non-Hermitian gauge boson Gxo is decoupled, while its CP- 
even counterpart has the mixing by the same way in the gauge boson sector. 

In Ref. j23], the deviation 5Qw of the weak charge from its standard model 
prediction due to the mixing of the W boson with the charged bilepton Y 
as well as of the Z boson with the neutral Z' and the real part of the non- 
Hermitian neutral bilepton X° is established. 

The model is consistent with the effective theory and new experiments be- 
cause it can provide all fermions including the quarks and neutrinos with the 
consistent masses [21125] • The exotic quarks and new bosons get masses in 
order of TeV. There are two different scales of exotic quark masses: mu ^ 
700 GeV, ruD^ e 10 ^ 80 TeV. 

It is worth mentioning on advantage of the model: the new mixing angle be- 
tween the charged gauge bosons 9 is connected with one of the VEVs u - 
the parameter of lepton-number violations. There is no new parameter, but it 
contains very simple Higgs sector, hence the significant number of free param- 
eters is reduced. The Higgs self-couplings Ai^2,4 are constrained by the scalar 
masses, but the remainder A3 is fixed by the neutrino masses [25] . This means 
also that the generation of the neutrino masses leads to a shift in mass of the 
Higgs boson from the standard model prediction. 

The model is rich in physics because it includes the right-handed neutrinos, 
exotic quarks and new bosons, and also gives an possible explanation of the 
generation question, electric charge quantization and current neutrino mass 
problem. The suppersymmetric version has being been considered [26] . The 
new physics is at TeV scale therefore the results can be verified in the next 
generation of collides such as LHC and ILC. 
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A Mixing Matrices 



For convenience in calculating, in this appendix we give the mixing matrices 
of the gauge and Higgs sectors. 



A.l Neutral Gauge Bosons 



^w^ 



B 



Sw 
V3 



CtpCg'Cw 



SmCQlCw 



V3 



S0'Cw 
V^Sg/Cw 





\ —tg'{c^X — S^K,) —t0i{s^X + C^K,) X J J 

(A.l) 

where we have denoted 



SO' = t29/{cw\/ 1 + 4.40), 1^ = \l4cw - 1, A = ^1 -44c^. 



(A.2) 



A.2 Neutral scalar bosons 



S2 



( \ 

-S^Sg CQSg Cg 

S(^ 

y -S^Co C^Ce -Sg J 



(A.3) 
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A. 3 Singly- charged scalar bosons 



xt 



+ CnV 



2,, 2 vs2e \ ( JJ+ \ 



use ce^oo^ + cp-' ^ 

VCg 
^UCg -Sgyju'^ + CgV"^ Vcj j 



(A.4) 



B Feynman integrations 

In this appendix, we present evaluation of the integral 

(27r)4(p2-a)2(p2-6)(p2_c)' (^-^^ 
where a,b,c> and I {a, b, c) = I {a, c, b). 

B.l Case of b ^ c and b,c ^ a 

We first introduce a well-known integral as follows 

d'^p 1 —i\a\na b\nb 



+ 



(27r)4 (p2 _ a) (p2 - b) (p2 _ c) 167r2 [{a-b){a-c) {b - a) {b - c) 

^ {c - b){c - a)} ' ^^'^ 
Differentiating two sides of this equation with respect to a we have 



d'^p 1 — 2 [ In a + 1 



(27r)4 (p2 _ a)2(p2 _ 5)(p2 _ c) I67r2 |^(a - 6)(a - c) 

a{2a — b — c) In a 6 In 6 cine 1 

+ 71 77271 7^ + T„ 77Yin 77 \ ■ (^-3) 



(a-6)2(a-c)2 (6-a)2(6-c) (c - a)2(c - 6) j ' 
Combining (1B.2P and (IB.Sp the integral (IB.ip becomes 
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/(a, 6, c)= J 



+ 



[p^ — a){p^ — — c) {p^ — aY{p^ — b){p'^ — c) 



a(21na + l) a^(2a — 6 — c) Ina 



+ 



62 In 6 



167r2 [(a-6)(a-c) (a-6)2(a-c)2 '(6-a)2(6-c) 
In c 1 



(c-a)2(c-6) j ■ 



(B.4) 



If a, 6 ^ c or c ~ 0, we have an approximation as follows 

i 1 



/(a, 6, c) 



IGvr^ a — 6 



1 



b , a 
m - 



a — b b 



(B.5) 



i?.^ Case ofb = c and b ^ a 



We put 



I{a,b) = I{a,b,b) 



d^p 



p" 



(27r)4(p2_a)2(p2_5)2' 



where J(a, 6) = /(6, a). 

Using the Feynman's parametrization, 

1 _ r(4) 
^2^2 r 

we have 



dx- 



x{l — x) 



A^B^ r(2)r(2) Jo [xA + (1 - 
1 



4 ' 



(p2 - a)2(p2 _ ^■^(p2_M2)4' 

where M"^ = xa + [1 — x)b. The equation (]B.6P therefore become 

-.2 



/(a, b) = Q J dxx{l ^ ^) J 



dp p 
(27r)4(p2_M2)4- 



With the help of 



7 f27r 



-i 1 



Eq. (IB. 91) is given by 



(27r)4 (p2 _ M2)4 3(47r)2M2 



I{a,b) 



—2i a;(l — x) 

dx- 



{Att^ Jo xa + {l-x)b' 



(B.6) 



(B.7) 



(B.8) 



(B.9) 



(B.IO) 



(B.ll) 



To obtain the integral we can put t = xa + {1 — x)b, the Eq. (IB.lip is then 
rewitten 



I{a,b) 



2i 



(47r)2(a-6)3 Jb 



dt 



t-{a + b) + 



ab 
T 



(B.12) 
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Therefore we get 



I{a,b)^ 



167r2 



a + b 

a - by 



2ab 



a 



(B.13) 



If 6 ^ a or a ~ 0, we have the following approximation 



(B.14) 



Let us note that the above approximations al{a, b, c) (or bl{a, b, c)) and bl{a, b) 
are kept in the orders up to 0{c/a,c/b) and 0{a/b), respectively. 
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